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ABSTRACT
An area of about 200 'sq km has been mapped at a scale of 
1 : 25 000 between Messina and Tshipise. Subsequent laboratory 
work has included petrographic, whole-rock and mineral analysis 
in order to describe the Precambrian rock-types and lithologies, 
their structure, and their metomorphic history.
The Precambrian lithologies underlying the study area 
consist of grey banded basement gneisses of granodioritic 
composition, together with a large variety of supracrustal rock- 
types. These include quartzo-feldspathic gneiss, Singelele- 
type granitoid gneiss, garnet-cordierite-sillimunite gneiss, 
sapphirine-bearing rock, garnet-orthopyroxene-plagioclase 
symplectite, pyroxenitic amphibolite, quartzite, banded magnetite 
quartzite, amphibolite, calc-silicate gneiss and marble. These 
supracrustal rocks may belong to a geosynclinal-type series of 
d ep v .» Led or extruded lithologies. Intrusive rocks of the 
Messina Layered Intrusion consist of gabbroic and anorthositic 
gneiss. Metapyroxenites and serpentinites also occur. Both 
ancient deformed and you ger fabric-free mafic dykes transect 
this stratigraphy.
Polyphase deformation has produced complex and intense 
folding of the area. Early isoclinal and ductile folds, now 
manifest as tight intrafolial folds, have been refolded around 
later structures. Most fold hinges plunge moderately to the
(iii)
south-west. Considerable flattening, attenuation and along- 
strike boudinaging of the units occurs in the region, probably 
as a result of regional simple shear The assymetry of the 
folds in the region suggest that this simple shear was left 
lateral.
Peorce-type variation diagrams for data from the Messina 
Layered Intrusion show plagioclase fractionation trends, and 
support the argument that these rocks are of plutonic igneous 
origin. The anorthcsites were the earliest cumulates, with 
the gabbros forming by subsequent fractionation. Rayleigh's 
law indicates that about 70 per cent fractionation has occurred 
in these rocks. The parental liquid appears to have been 
anomalously enriched in rubidium.
The supracrustal units have experienced a high-grade 
metamorphism between about 3 100 m.y. ago and 2 400 m.y. ago.
The P-T conditions for this metamorphism range from about 9 kbar 
and 900 C at the 'peak' of the metamorphism, to about 4 kbar 
and 650°C, and thus represents a retrogression within the field 
of medium pressure granulites. Earlier high-pressure granulite 
metamorphism is indicated by assemblages reported from other 
regions in t.ie Central Zone of the Limpopo Mobile Belt. These 
data suggest that the supracrustal rocks were subjected to burial 
into regions of the lower crust up to 40 km depth, and geothermal 
gradients between 15°C/km and 35°C/km were experienced. Water
i
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activities were low durin.j this high-grade metoeorphism, with
water making up not more than 10 per cent of the fluid
present during this event. The onset of relative tectonic
stability and the end of high-grade metamorphism was achieved 
by about 2 200 m.y. 0go.
I declare that this thesis is my own, unaided work.
It is being submitted for the degree of Doctor of Philosophy 
in the University of the Witwatersrand, Johannesburg. It 
has not been submitted before for any degree or examination 
in any other University.
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CHAPTER 1: INTRODUCTION
Regional setting of the Limpopo Mobile Belt
The Limpopo Mobile Belt is an approximately linear ENE 
trending region underlain by Precambrian rocks which have 
undergone high-grade regional metamorphism and intense polyphase 
deformation (MacGregor, 1953). The main rock-types found 
within the belt include a var'ety of basement gneisses, 
porphyritic gneisses, granitoid gneisses, gabbroic and 
anorthositic gneisses, and supracrustal paragneisses.
The belt is situated between the Rhodesian Croton in the 
north and the Kaapvaal Croton in the south (Figure 1), and is 
approximately 500 km in length and 250 km in width. The belt 
is overlain in the east by younger Umkondo and Karoo strata, and 
by the 500 - 1 100 m.y. north-south trending M oc ambique Belt 
(Clifford, 1970). In the west, it is also overlain by younger 
Proterozoic and Karoo strata and Tertiary sands in Botswana, 
although some workers consider the belt to terminate in this 
region (Key and Hutton, 1976). In this thesis, the northern 
margin of the belt is defined by an orthopyroxene isograd, 
marking the first appearance of granulite facies rocks in a 
southwards direction into the belt (Robertson, 1968 and 1973; 
see also Rhodesia Geological 1 : 1 000 000 Map Seventh Edition, 
1977). Similarly, the southern margin of the belt has been 
defined by an orthopyroxene isograd caused by a northward
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Figure 1: A simplified geological map of part of southern
Africa showing the location of Messina and the Limpopo Mobile 
Belt (after Horrocks, 1980).
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A jistinc- conation ncr oeei recognized within the belt 
x Figure i ) where Northern and Southern Marginal Zones Between 
500 and 100 km in width are separated by a Central Zone between 
100 and 150 km in w i d t h . Major zones of shearing and
1ranscurrent dislocation form their boundaries. The northern 
largir -f the belt is characterized by fault zones and shear 
zones -vhicr are sub-parallel to the length of the belt, and 
. h i d  separate -he Limpopo gneisses from the granite-green stone 
-errane • the Rhodesian Croton in the nort . The fault and 
n.-a: cones are steeply dipping and mylonitic, with horizontal 
d soiacements o f jp to 40 km (Coward, 1976• Coward et a l . 1976). 
T • southern margin of the belt is somewhat obscured by the 
aul* bounded Proterozoic sediments and volcanics of the 
Soutpansberg Group (Jansen, 1975, 1976 and 1977; Barker, 1976). 
However, no fundamental structural or stratigraphic breaks have 
>een recognized oetween the oelt and the Kaapvaal Craton, since 
• earliest deformations were regional horizontal compressions 
effecting both the belt and the Knapvaal Croton (Graham, 1974;
C ward et a l . 1976).
The geology of the Central Zone in the Messina area
The Central Zone contains complexly infolded su >racrustal,
rphyri tic and granitoid gneisses, some of which are regarded
as representing a basemen t ^Bahnemann, . ,72; 1 ripp, - 2d ^ a ,
c). This zone has been sub-divided into three regions in the 
Messina area (Figure 2) namely, the Bulai Belt, the Cross-Folded 
Belt and the Linear Belt. The Buiai Belt, occurs north-west 
of Messina and is underlain by the porphyritic Buiai Gneiss 
and in places, a grey banded gneiss which has been regarded 
as a basement from which the Bulai Gneiss may have been 
remobilized (B ah ne ma nn , 1972). Other charnockitic, enderbitic 
and various paragneisses also occur ('Vatkeys, 1979).
South-east of the Bulai Belt in the vicinity of Messina, 
complexly folded layers of the supracrustol paragneisses are 
infolded together with these ’b a s em en t ’ rocks and other 
o.thogneisses to make up the Cross-Folded Belt (B ah nemann,
1972). Further to the south-east, the Linear Belt occurs, 
and contains essentially similar lithologies as the Cross- 
Folded Belt, but here the strata are markedly attenuated and 
deformed to trend in the regionally pervasive ENE direction
(Bahnemann, 1972).
The basement gneisses, termed the Sand River Gneisses, 
comprise a variety of banded gneisses of charnockitic, endeibitic, 
monzonitic, tonalitic and granodioritic compositions, and 
contain little or no garnet. These rocks occur over a wide 
region in the central part of the Limpopo Mobile Belt, 
particularly west and north-west of Messina and Beit Bridge
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Figure 2: A simplified geological map of the area between
Messina and Tsh'oise in the Central Zone of the Limpopo 
Mobile Belt (after Horrocks, 1981).
6(Bohnemonn, 1972; Hotkeys, 1977; Light et_ol., 1977; Light 
and Hotkeys, 1978; Hotkeys, 1979). In the vicinity of the 
Sand River (Fig.,re 2), the Sand River Gneisses ore infolded 
with the supracrustal gneisses (Fripp, 1981a, 1981b, and 1981c). 
Here they occur as hypersthene bearing gronodiorite and quartz 
diorite gneisses and are characterized by cross-cutting ancient
deformed tholeiitic dykes.
The porphyritic Bulai Gneiss also occurs over a large
area west and north-west of Messina (Figure 2) and is 
characterized by large phenocrysts of alkali feldspar. 'hese 
gneisses commonly occur at the interface between basement and 
supracrustal gneisses, and have been considered to be 
remobilized from the basement, and to be intrusive and 
batholithic in form (Bahnemann, 1972). In places, a strong 
tectonic fabric is developed by the alignment of the phenocrysts 
and other mineral grains, and the rock commonly contains 
inclusions of supracrustal and dyke-like rocks.
The supracrustal rocks are essentially paragneisses and 
commonly contain garnet. They include a large variety of 
mainly quartzo-feldspathic gneisses which contain varying 
proportions of amphibole, mica, pyroxene, garnet, c o r d i e n t e  
and sillimanite. Also, quartzite, banded magnetite quartzite, 
pyroxenitic amphibolite, calc-silicate gneiss and marble occur. 
The carbonate and calc-silicate rocks become distinctly more
7abundant towards Tshipise, about 30 Km south-east of Messina 
(Figure 2). These paragneisses underlie large areas south 
and east of Messina (Figure 2) within the Cross-Folded and 
Linear Belts, and have been known as the Messina Formation 
(Sbhnge, 1946; Stihnge et a l ., 1948) although basement sensu 
stricto was not distinguished. Revised stratigraphic 
nomenclature has been proposed (Geological Survey of South 
Africa, in preparation) where the basement lithologies are 
grouped under the term Sand River Gneisses, and the supracrustal 
lithologies are grouped together as the Beit Bridge Complex.
The Singelele Gneiss (Sbhnge, 1946; Bahnemann, 1972 and 
1973; Fripp et a l ., 1979) is a concordant granitoid gneiss 
which forms prominent outcrops immediately souuh-east of 
Messina (Figure 2). The rock is silica-rich with iibbon-like 
grains and aggregates of quartz parallel to the tectonic fabric. 
It weathers to a distinctive reddish colour, and is pretectonic 
in age being affected by all the deformations recognized in the 
supracrustal rocks (Fripp et al ., 1979). Some workers regard 
this lithology as remobilized at least in part from the other 
supracrustal rock-types and to be intrusive in nature (Bahnemann, 
1972 and 1973) while others consider the rock to be a conformable 
and integral part of the supracrustal stratigraphy (Fripp et a l ., 
1979).
Layered anorthositic and gabbroic gneisses occur as
dgenerally conformable si 11-like intrusives throughout the 
Central Zone (Barton et aJ ,, 1979a). They are phase-layered, 
and in pieces contain thin discontinuous units of chromitite 
and titaniferous magnetitite (Stthnge, 1946). Most workers 
agree that these lithologies are derived by plutonic igneous 
processes, though some consider that at least in part they 
may have been derived from metamorphosed calcareous sediments 
(Bahnemann, 1970). Relict cumulate textures and phase and 
graded layering are common features of these locks (Hor et a l ., 
1975; Barton et a l ., 1979a) while units of metapyroxenite and 
serpentinite, although not always spatially associated with 
the anorthositic rocks, may belong in the same suite. These 
rocks have been collectively grouped under the term Messina 
Layered Intrusion (Barton et a l ., 1979a).
Pre- and post-tectonic dykes of tholeiitic compositions 
are common throughout the region. Pre-tectonic dykes are 
characterized by mineral fabrics and metamorphic reaction 
margins with their host rocks, while post-tectonic dykes are 
fabric-free. Several ages of dyke intrusion are recognized 
(Barton et a l . 1977; Barton, 1979; Barton et a l ., 1981).
Geochronological review
Analytical isotopic work in the region has enabled a 
geochronological framework to be suggested for the Precambrian 
history of the Messina area (Barton and Ryan, 1977). The
9techniques utilize Rb, Sr and Pb whole-rock isotope systematics
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and U-Pb zircon methods, and in the Rb-Sr ages, a Rb decay
constant of 1,42 x 10 yr  ^ has been used. All dates
published which use other decay constant have been recalculated
for consistency. The relevant age determinations discussed
here are summarized in Table 1.
The Sand River Gneisses ('basement') have yielded a Rb-Sr 
whole-rock age of 3 786 - 61 m.y. with an initial ^ S r / ^ S r  
ratio of 0,7012/ - 0,00016 (all errors are two standard 
deviations) which has been interpreted as reflecting a 
homogenization of the Sr isotopes during a metamorphism (Barton 
et a l ., 1978). Thus, this age which is probably associated 
with a tectonic fabric (Fripp, 1981a, 1981b, 1981c) defines 
the oldest rocks to occur in the Central Zone of the Limpopo 
Mobile Belt, and as such, they may be compared to the Isua 
supracrustol rocks and the Amltsoq gneisses in Greenland 
(Bridgewater et a l ., 1976).
Two suites of ancient deformed tholeiitic dyke intrusion 
have been recognized in the region (Barton et al., 1977).
The oldest of these has been dated at about 3 570 m.y. by the 
Rb-Sr whole-rock isochron method, and these dykes have only 
been recognized to intrude the Sand River Gneisses. The 
younger suite of dykes has given an age of abo u f 3 060 m.y. 
by the Rb-Sr whole-rock isochron method and these dyke are
10
Table 1: Summary of qeochronological events in the Messina
area of the Limpopo Mobile .Belt
Age
m.y.
Isotope
System
Interpretation
2200 Rb-Sr Dolerite dyke intrusion - end of high- 
grade metamorphism and the onset of 
relative tectonic stability.
2430 Pb-Pb Metamorphism of Singelele Gneiss on the 
Farm Ostend southeast of Messina.
2460 Rb-Sr As above.
2600 Rb-Sr Metamorphism of the Singelele Gneiss at 
the type area near Messina.
3060 Rb-Sr Suite of ancient deformed tholeiitic 
dykes which intrude the Sand River 
Gneisses, the Beit Bridge Complex and the 
Messina Layered Intrusion.
3150 Rb-Sr Metamorphism of the Messina Layered 
Intrusion - probable peak of the high 
grade metomorphism.
3270 Pb-Pb Probable age of the emplacement of the 
Messina Layered Intrusion.
Deposition and/or extrusion of the 
supracrustal rocks of the Beit Bridge 
Complex between 3570 and 3270 m.y. ago.
3570 Rb-Sr Suite of ancient deformed tholeiitic dykes 
which intrude the Sand River Gneisses only.
3790 Rb-Sr Metamorphism of the Sand River Gneisses.
- Formation of the Sand River Gneisses.
1: All ages are derived from whole-rock isochrons.
2: See text for references and sources ov data.
3: All Rb-Sr ages are calculated using a decay constant of
1,42 x 10 ^  yr  ^ f o r ^ R b .
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recognized in the Sand River Gneisses, the Beit Bridge Complex 
and the Messina Layered Intrusion. The latter has been dated 
by two different methods. A Pb-Pb whole-rock isochron for 
the anorthositic and gabbroic rocks has given an age of about 
3 270 m.y. (Barton, 1V8L), while a Rb-Sr whole-rock isochron 
has yielded an age of about 3 150 m.y. (Barton et ol., 1970a) 
which probably reflects a metamorphic event. Since the Beit 
Bridge Complex of supracrustal rocks is cut by the Messina 
Layered Complex, this suggests that the supracrustal lithologies 
were deposited and/or extruded sometime between 3 570 m.y. and 
3 270 m.y. The Bulai Gneiss is dated at about 2 700 m.y. 
by the Rb-Sr whole-rock isochron method, and this date has been 
interpreted as the time of intrusion or remobilisation of this 
unit (Barton et a l ., 1979b). Age determinations by the same 
method on the Singelele Gneiss have suggested a date of about 
2 600 m.y. and this age has been interpreted as a metamorphic 
age of the previously formed supracrustal granitoid (Fripp 
e t_ al ,, 1979; Barton et o l ., 1 97 9b ) . However, this metamorphic 
age was obtained from samples collected at the type locality 
near Messina. Other samples collected on the Form Ostend 
about 15 km south-east of Messina (from within the mapping area 
of this study) gave whole-rock Rb-Sr isochron age of 2 461 t  
19 m.y. with a very high initial ratio of 0,8308 - 0,0003.
This supports the interpretation that these ages for the
12
Singelele Gneiss are metamorphic, since large initial ratios 
are characteristic of rehomogenisation cf Sr isotopes during 
metamorphism. Close correlation with a Pb-Pb whole-rock 
isochron of about 2 430 m.y. was obtained using the Ostend 
samples.
An unde formed and unmetamorphosed dolerite dyke which 
occupies a fault plane on the Form Heuningfontein about 15 km 
south-east of Messina has yielded a whole-rock Rb-Sr isochron 
age of about 2 200 m.y. This suggests that the end of high- 
grade metamorphism and the onset of relative tectonic stability 
was achieved by this time (Barton, 1979).
Statement of purpose and work done
This study is a field oriented study aimed at preparing 
a geological map and describing the Precambrian geology of an 
area situated within the Central Zone of the Limpopo Mobile 
Belt, south-east of Messina (Figure l). This area lies 
between the Sand River in the north-west and the Bosbokpoort 
Fault in the south-east, and lies on either side of the main
rood linking Messina and Tshipise in the northern Transvaal
(Figure 2). This research forms part of the South African 
national contribution to the International Geodynamics Project. 
Within this programme, three groups have been working in the 
Limpopo Mobile Belt: the Departments of Geology at the
University of the Witwotersrand and the Rand Afrikaans
13
University responsible for field mapping, structural analysis, 
geochemistry and metamorohic petrology, and the Bernard Price 
Institute of Geophysical Research responsible for geochronology 
and isotope geochemistry. These studies have been aimed at 
establishing a framework for understanding the relationships 
among the various igneous, sedimentological and metamorphic 
events recognizable in the field. The objective of the South 
African participation in this project has been to undertake 
research on the dynamics and dynamic history of the earth with 
emphasis on deep-seated phenomena. In addition, it was hoped 
to provide clues to the chemical pattern of evolution of the 
mantle and crust in an area exposing elements encompassing a 
major part of early earth history.
An area of approximately 200 sq km has been mapped using 
aerial phonographs in the field. These data have been compiled 
onto a base map at an approximate scale of 1 : 25 000 to produce 
a field map (map 1 in rear pocket). Also, on interpretive 
nap a* a scale of 1 : 50 000 has been prepared to illustrate 
the structural attitudes and sample localities (map 2 in rear 
pocket). A representative sample collection of 140 specimens 
has been made from which over eighty petrographic thin-sections 
were prepared. Full silicate analyses were carried out on 
over thirty-five samples using X-ray fluorescence for major 
elements. Rb, Sr and 8a trace element abundances were also
14
determined in selected samples. After the examination of the 
thin-sections, over twenty samples were selected from which 
polished thin-sections were prepared to enable electron probe 
microanalyses to be made of selected mineral grains. Over 
70 analyses were completed using a Cambridge Microscan 5 
instrument at the Department of Geochemistry, University of 
Cape Town, while over 250 mineral analyses were completed 
using an ARL-SEMQ instrument in the Department of Geology, 
University of the Witwatersrand.
Previous work in the arec studied
The first systematic study of the geology in the area 
was a regional mapping programme by the Geological Survey of 
South Africa (Stihnge, 1946; SOhnge et o l ., 1948). The 
region was mapped at a scale of 1 : 50 000 using aerial 
photographs, and was regarded at that time as being underlain 
by rocks belonging to a Precambrian 'basement complex'. Most 
of the rock types that occur in the area were recognized, 
though the distinction between basement and suprocrustal sensu 
stricto was not made, and the rocks were collectively called 
the Messina Formation. It was concluded that primary textures 
and structures were effectively obscured by the tectonic and 
metamorphic conditions that had prevailed in the area. AI l o , 
many types of granitoid gneiss were considered to have had 
sedimentary origins.
15
n . recently, c res w h<i been completed of the geology 
orounc Messina onJ a p h n ' g e o l o g i c a l  interpretive map prepared 
(Bahnemonn, 1972). Th, ;ratigraphy, metamorphism, and 
v  rut, -U : - of the r.rea wa: inve Lgated, and basement and
uoracrustal elements of the stratigraphy were recognized. 
Meramorphi conditions were considered to have reacnec 
pressure in excess of 6 kbar and possibly as high as 10 <bar, 
while •emperotures exceeded 625UC. ihus it was concluded 
• »  m e t a m o r p h i s m  reaches te grade and was uniform
r ary  areas. The d e f o r m a ^ o n  in the area was regarded 
v.ng a 'plastic' (sic) nature, with * folding'
lag o' the h e i g h t  of the metarnorphis :-eformation
red in response to a regional shearing parallel to tue 
r\f trend of the Limpopo Mobile Belt. Early and late folds,
, wel'. as intersecting fold directions and interference
■ ruetures were recognized.
Two chemical analyses of Singelele Gneiss are reported 
for samples collected from within the area of the study 
rep, ;■ • sd her, (Bahnemonn, 1973). Consideration was given to 
the petrography of this rock, and to the process of anatexis, 
and it was co.,eluded that the Singelele Gneiss may owe its 
origin to partial melting of the basement and supracrustal 
rocks in antiformai areas, resulting in potash feldspar and 
silica-rich melts, to produce the Singelele Gneiss, leaving
io
1 rest; 1 anorthcj gneiss, calc-silicate gneis: and
amphibolxte which occu in t iupracrustal ocks surroundin'; 
areas which contain Singele.le Gneiss. The presence of 
numerous quartz-feldspar /eins in these lithologies was usee 
as further evidence of this process. The starting materials 
before anatexis were considered to have included shales, 
calcareous shales and marls. •emperatures of more than 625 r 
and pressures approaching 10 kbar were required for this 
melting event, based on the experimental data of W i n k l e r , vor 
Platen and others (see Winkler, 1974). However, subsequent 
trace element fractionation studies on granitic melting us.>
Rb, Si and Ba (McCarthy, 1977) has revealed the presence of 
both restite and anatectite fractions wi . h m  the Singelel- 
Gneiss itself.
A mineralogical study was carried out on garnets from 
the Messina area, with the aim of showing that their composition 
may reflect the metamorphic grade (Bahnemann, 1975). This 
investigation included the analysis of nine garnets, one of 
which was collected from a leucocratic granitic gneiss on the 
Form Randjesfontein within the area studied. Using experimental 
data of Currie (1971), equilibrium temperatures of 635°C and 
pressures of about 6 kbar were suggested. However, using 
other experimental data (Hensen and Green, 197j), temperatures 
between 850°C and 900°C, and pressures from 9 to 10 kbar have 
been obtained (Horrocks, 1975).
veochronological work ha been completed on sample5 
collected during the course of the present investigation 
<Barron, 1979; Barton et a l ., 1979a, and b) and are reviewed 
elsewhere.
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CHAPTER 2: ROCK TYPES AND LITHOLOGIES
I n t r o d u c  11 on
In this section, the results from the field and laboratory 
examination of the different rock types encountered in the area 
under study ore presented. Aspects of their field characteristics, 
petrography, uhole-rpck and mineral chemistry are also discussed.
Analytical procedures are described in Appendix 1.
The following rock types and lithologies have been recognized 
os follows: basement gneisses, quortzo-feldspothic gneisses,
Singeiele-type granitoid gneiss, gornet-cordierite-sillimonite
gneiss and varieties, pyroxenitic amphibolite, quortzite and 
bonded magnetite quortzite, calc-silicote gneiss and marble, 
metapyroxenite and serpentinite, and the gobbroic and anorthositic 
gneisses of the Messina Layered Intrusion. The basement gneisses 
have been so called on the basis of correlation th similar 
gneisses in the Sand River area (fripp, 1981a-c) while all other 
rock types excluding the metapyroxenite, serpentinite and the 
Messina Layered Intrusion ore considered to represent a 
supracrustol sequence (ibid.). I" addition, dolerite dykes of 
various ages are abundant, and pegmatites occur in some of the 
serpentinite bodies.
R n s e me n t  g n e i s s e s
The basement gneisses (i.e. Sand River Gneisses) have been
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recognized at three localities in the study area. One outcrop 
was observed on the Farm Oorsprong, and other outcrops occur on 
the Farm Middelbult (see Map 1 in rear pocket). These gneisses 
are grey in colour and weakly bonded, and are transected by both 
melanocratic and leucocratic dykes together with numerous 
leucocratic veins (Figure 3). They characteristically form
smooth whale-back pavement outcrops.
The grey gneiss is medium grained with the mineral grains 
averaging about 1 mm in diameter. Mineral banding is typically 
2 or 3 mm in thickness and varies from more quartz and feldspar 
rich compositions to those with more abundant mica. Red 
garnets about 1 mm in size are dispersed in small quantities,
’  ' ■ ■
/ * V .  ‘ • •
Figure 3: Deformed melanocratic dyke transecting grey bonded
basement gneisses on the farm Middelbult, about 5 km east of the 
main Messina-Tshipise road (Map 1 in rear pocket;.
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while prismatic black amphibo.les up to 3 mm in length and about 
1 mm in diameter are visible on weathered surfaces, and import 
a linear fabric to the rocks. In thin section, the following 
typical mineral assemblage o c c u r s : 40 per cent quartz, 30 per
cent andesine, 15 per cent microcline, 10 per cent biotite,
3 per cent alteration minerals, 2 per cent garnet and accessory 
apatite. This assemblage is granodioritic in composition with 
biotite vo the predominant ferromagnesian mineral. In addition 
to it?, obvious concentration in layers, biotite occasionally 
forms skeletal grains and clusters of oriented flakes in quartz.
It often replaces an earlier mafic mineral, possibly orthoamphibole 
or orthopyroxene, which now remains in places in an amorphous and 
altered state. The quartz and feldspar form a granoblastic 
texture in which the xenoblastic grains have irregular polygonal 
boundaries. The microcline is a perthite with exsolved beads 
and stringers of plagicclase.
The cross-cutting melanocratic dykes ore dark and even 
grained rocks with a general grain size of 1 or 2 mm in diameter. 
They have the following average modal m i n er al og y : 45 per cent
tremolite amphibole, 35 per cent andesine; 10 per cent hypersthene, 
5 per cent biotite, 5 per cent quartz and accessory opaque 
minerals. The rock preserves prograae orthopyroxene textures 
where weakly pleochroic hypersthene can be seen to be in a 
reaction relationship with the amphibole, and in places encloses
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small optically continuous crystals of amphibole (Figure 4). 
However, biotite and hypersthene only coexist in the dyke along 
its boundaries with leucocratic veins.
Figure 4: Prograde orthopyroxene (opx) in a melanocratic dyke
in basement gneiss on the Farm Oorsprong (about 250 m east of 
the main Messina-Tsh .pise rood - Map 1 in rear pocket), which 
contains optically continuous amphibole (hnble) in a matrix of 
feldspar (plag). Scale bar is about 0,5 mm.
Elsewhere, biotite does not appear in the dyke.
The leucocratic veins are sub-parallel to parallel to the 
mineral bonding in the gneiss, and ore usually a few centimetres 
in thickness. They are deformed together with the mineral 
bonding, and display cuspate boundaries which are convex outwards 
into the grey basement gneisses, indicating that their viscosity 
was greater than that of the gneisses during the deformation.
The veins are dioritic in composition with the following
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average modal a s s em bl ag e : 60 per cent andesine, 30 per cent 
quartz, and 10 per cent biotite. Biotite is the only 
ferromagnesian mineral to occur in the veins, while the quartz 
and feldspar show even grained polygono textures.
A whole-rock analysis of the basement gneiss is presented 
in Table 2. The sample (22-6-6) from the Farm Oorsprong (Map 
2 in rear pocket) was chosen to contain as few veins as possible. 
The rock is predominantly felsic being mainly composed of SiOg, 
A l ^ O ^ , N a 20, K„0 and CaO. Femic components comprise less than 
4 per cent of the rock. The rock is corundum normative with 
over 32 per cent normative quartz, while the only ferromagnesian 
mineral to appear in the norm is orthopyroxene in an amount of
less than 3 per cent by weight.
Comprehensive whole-rock and mineral geochemical data for 
these basement rocks have been presented by a complimentary 
study of the Sand River Gneisses from the type area (Fripp,
1981a, 1981b, 1981c).
Quartzo-feldspathic gneisses
These gneisses are ubiquitous in the study area and 
underlie most of the region (see Map 1 in rear pocket). They 
weather readily and occupy much of the flat country or valley 
floors where they are largely covered by sand, soil and rubble. 
They show considerable heterogeneity in the proportions of their 
constituent minerals which include mica, amphibole, pyroxene,
Ta b l e  2 ;  Wl i o lo - r o ck  o i i o l y > e »  of  t x i s emo n t .  g u m  t / u  - f o )  l i s i o t h i  c ami  S l n y u l e l e  t y p e  u n u i n e s  and t h e i r  C . l . P . W .  n o t * *
1 2 3 4 5 6 7 8 9 10 Singelele
Average
1,
72,61 75,81 80,28 73,21 78,94 78,33 78,96 78,80 79,21 78.79 0,32
0,38 0,02 0,06 0, 24 0,09 0,11 0,12 0,14 0,12 0,12 0,02 0,02
a 12°3
14,95 14,22 11,92 13,91 11,56 11,23 11,11 11,33 10,92 11,13 11,21 0,22
Fe2t>i 2,54 0,51 0,58 2,04 1.37 1,92 1,85 1,78 2,23 2,11 1,88 0,30
MnO 0,03 0,03 0,01 0,01 - - - - 0,01 - -
MgO 0,62 - 0,03 0, 46 o.n 0,08 0,08 0,04 0,05 0,05 0,07 0,03
CoO 2,73 1.45 2,48 1,53 0,64 0,48 0,42 0,47 0,42 0,50 0,49 0,08
No-0 3,73 4,02 3,59 2,63 3,54 3,43 2,84 3,06 3,09 3,18 3,19 0,26
V
2,90 . 4,03 1,68 5,23 4,37 4,54 5,03 4,80 4,70 4,36 4,63 0,26
V s
0,11 0,07 0,05 0,07 0,02 0,03 0,04 0,05 0,04 0,04 0,04 0,01
L01 0,16 0,05 0,22 0,27 0,17 0,09 0,24 0,15 0,18 0,19 0,17 0,05
Total 100,81 100,21 100,90 99,60 100.81 100,24 100,69 100,30 100,57 100,90 100,59 0,27
Pb ppm. 74 55 25 105 114 118 143 129 120 93 120 17
5r ppm. 222 75 113 130 28 21 26 27 24 21 25 3
Bo ppm. 741 316 199 956 629 620 681 700 775 623 671 61
quartz 32,68 33,89 47,43 34,02 39,66 39,55 41,70 40,97 41,34 42,24 40,90 -
corundum 0,88 0,77 - 1,31 - - 0,32 0,36 0,08 0,36 0,15 -
orthoclose 17,03 23,79 9,87 31,13 25,67 26,80 29,60 28,33 27,67 25,59 27,25 -
olbite 31,35 33,97 30,18 22,40 29,76 28,98 23,92 25,85 26,04 26,71 26,87 -
onorthi te 12,98 6,72 11,37 7,18 2,72 1,82 1,81 2,00 1,81 2,02 2,16 -
diorside - - 0,13 - 0,09 0,07 - - - - - -
hedenberglte - - 0,32 - 0,17 0,24 - - - - - -
enstotite 1,53 - 0,01 1.15 0,23 0,17 0,20 0,10 0,12 0,12 0,17 -
ferrosilite 0,75 0,28 0,04 0,70 0,51 0,72 0,81 0,76 0,98 0,95 0,81 -
magnetite 1,83 0,38 0,42 1,49 0,98 1,39 1,33 1,29 1,60 1.51 1,36 -
ilmanite 0,72 0,04 0,11 0,46 0,71 0,21 0,23 0,23 0,27 0,23 0,23 -
opoti te 0,25 0,16 0,12 0,16 0,05 0,07 0,09 0,12 0,09 0,09 0,09
11 giey bonded basement gneiss (22-6-B) - Farm Oorsprang. Analyst: P.C.Horrochs
2: dyke-like quart <o-feldspothie gneiss (77) - Fore At tonviIlu. Total fe determined as Fe-0„
3: dyke-like quartzo-leldspothie gneiss (29-1-7B) - Form Mnuningfonteln. L01 > loss on ignition.
4: adomollitic quartzo-f«ldsputhic gneiss (18-6-A) - form Veenen.
5 to 10: Singelule-type granitoid gneiss (076-85 to 876-90) - Farm Ostend.
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and garnet in addition to quartz and feldspar. The quartz
commonly forms aggregates of grains fused into ribbon-like 
structures typical of high grade metamorphic rocks. Grain 
sizes are variable from 1 to 5 mm for the leucocratic minerals 
and 1 to 2 mm for the melanocratic minerals. In places, more 
leucocratic varieties of this lithology cun be seen to form 
discrete layers and dyke-like bodies which transect other 
quartzo-feldspathic units that contain more abundant melanocratic 
minerals.
Three modal assemblages are presented below to demonstrate 
the range of compositions which occur. The first is a 
leucocratic dyke-like body that transects the other quartzo- 
feldspathic types, and has a granitic mineralogy: 50 per cent
microcline, 40 per cant quartz, 5 per cent olbite and 5 per cent
almandine. This rock has a grunoblostic texture and is largely
recrystallized. The quartz grains commonly display concave 
inward cuspate boundaries, and have clear rather than undulose 
extinction. 1 he garnet has been identified as being predominantly 
almandine by powder X-ray diffraction techniques, while the 
microcline is perthitic.
A second typical variety of these rocks is adamellitic in 
composition, with alkali feldspar constituting between 33 per 
cent and 66 per cent of the total feldspar. The average modal
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comoosition i s : 35 per cent microcline, 30 per cent quartz, 20
per cent andesine, 10 per cent biotite, 3 per cent garnet, 1 per 
cent chlorite, accessory opaque minerals, sillimanite and 
phlogopite. The garnet in these varieties is typically zoned 
and poikiloblastic. Their cores commonly contain numerous small 
blebs of quartz while biotite crystals interpenetrate and coexist 
with an outer zone. The sillimanite replaces the pale mica and 
their longest crystallographic axes are colinear. These two 
minerals occur in only minor quantities. Some biotite laths are 
replaced by chlorite which in turn have abundant opaque minerals 
exsolved along their lamellae.
A third variety of the gneiss is dioritic with the following 
mineral composition: 65 per cent labradorite, 20 per cent quartz,
10 per cent augite, 1 per cent orthopyroxene, 2 per cent 
tremolitic amphibole, 2 per cent opaque minerals and accessory 
monaz-ite.. Replacement relationships and reactions are commonly 
observed in this lithology. In places, the clinopyroxene and 
opaque minerals are seen rimmed by the greenish amphibole. The 
minor amounts of pleochroio hypersthene containing inclusions of 
small optically continuous grains of amphibole show prograde 
reactions where it replaces amphibole in the presence of quartz.
This amphibole-pyroxene reaction can also be observed with the 
pale green weakly pleochroic clinopyroxene. Some idioblostic 
graii of metamict monazite also occur.
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Three whole-rock analyses of these gneisses are included 
in Table 2. Samples 77 and 29-1-78 are leucocratic dyke-like 
units which in places can be seen to cross-cut the other quartzo- 
feldspathic lithologies. Sample 18-6-A contains more 
ferromagnesian minerals, and is adamellitic in composition.
These rocks all have high SiOg contents which vary from about 
73 per cent to 80 per cent, and variable alkali ratios. This 
reflects the heterogeneous nature of these rock-types. the 
normative assemblages are similarly variable. Sample 29-1-76 
with over 80 per cent SiOg is not corundum normative, but 
contains normative clinopyroxene. In addition, this sample 
shows over 47 per cent normative quartz reflecting its high 
Si0 2  content.
S i n q e l e l e - t y p e  g r a n i t o i d  gneiss
This granitoid gneiss occurs on the Farms Kopjesfontein, 
Ostend, Trotsky, Lenin and Senator (see Map 1 in rear pocket), 
and forms prominent hills of large rounded boulders on Ostend.
It is characterized by n reddish weathering colour and a coarse 
grain size, with some minerals reaching 5 mm in diameter. The 
rock is quartz rich, where aggregates of quartz grains produce 
flat ribbon-like structures which accentuate the planar fabric. 
The feldspar produces the reddish colour, while small amounts 
of platy biotite form the predominant melanocratic mineral in 
the rock. Weathered surfaces commonly display a characteristic
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oattern of irregular polygonal crocks.
The rock has the composition of a granite as follows: 50
oer c e m  quartz. 40 per cent nicrocline, 3 per cent plagioclase,
5 Per cerv biotite, 2 per cent chloritized amphibole, accessory
n r c o n  end accessory opaque minerals. Myrmekite commonly
occurs in the plagioclase grains and can usually we seen to
terminate against the boundary with an alkali feldspar grain.
Some plagioclase-biotite grain boundaries show the development
c* xater smaller plagioclase grains. Both the biotite and
opaque mineral exhibit skeletal grain texture:, while some quartz
grarns show cuspate boundaries M c h  are concave inwards.
Amphiboles are rare, and are commonly altered in chlorite.
The zircon grains show two distinct morphologies: idioblastic
grains, commonly metamict with radiating crocks and cloudy
coronas, and smaller corroded grains which are numerically more 
abundant.
Table 2 shows 6 whole-rock analyses of this rock type, 
that nave also been used for isotope and geochronologicol 
studies (Barton et_al., 1979b). These samples were collected 
over a limited area at one locality on the Farm Ostend (Map 2 
m  reai pocket) and oil have a similar composition. This has 
been used to test the 'repeatability' of the analytical technique 
(Appendix 1), and average values with single standard deviations 
have been calculated (Table 2). The rock is characterized by
:'8
high SiOp values, typically over 78 per cent. Cafemic 
components are minor, less than 4 per cent on average, wh.le KpO 
is the most abundant alkali (up to 5 per cent). Rb and Sr 
trace element abundances have also been determined using the 
'isotope d i l u t i o n 1 technique (Barton et a l .t 1979b), and in 
general closely agree with those values determined by X-ray 
fluorescence used in this study. An exception is sample 876-89 
which displays some considerable totopic heterogeneity. The
samples all contain normative qi jrtz (about 40 per cent), 
though unlike the others, ^mples 876-85 and 876-86 are not 
corundum normative, but shew small amounts of normative 
clinopyroxene (less than 0,4 per cent). All samples contain 
normative orthopyroxene (about 1 per cent). Tr ; no.motive 
feldspar is largely alkaline, with only minor quantities of 
anorthite being calculated (about 4 per cent of the total 
feldspar). Normative potash and sodic feldspars are in nearly 
equal proportions.
Garnet-cordie ri re-oi1 limanite qneiss and varieties
These gneisses form a variety of units in general 
interlayered and infolded with the quartzo-feldspathie gneisses 
(see Map 1 in rear pocket). Apart from the more common gornet- 
cordierite-sillimanitc gne;.s , corundum-bearing, sillimanite 
bearing, sapphirine-bearing and symplectite-bearing varieties 
occur. They are characterized by a large number of mineral
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phases and commonly exhibit, a well developed mineral layering. 
Biotite-rich and leucocratic layers alternate, and vary from a 
few millimetres to a few centimetres in tf ickness. Garnet 
porphvroblasts are characteristic, and range up to a centimetre 
in diameter, with the biotite and sillimanite showing wrap­
around structures. Some varieties contain abundant sillimanite, 
and at some localities, for example on xhe harm Randjesfontein 
(Map 1 in rear pocket), are monominerallic, and have been quarried 
for commercial purposes. The sillimanite occurs as clusters of 
needle-like grains up to 3 cm in length, and these commonly 
reveal small kink-bands and shear-zones in the rock. Other 
varieties are corundum bearing, and have also been quarried on 
the farm Randjesfontein. The corundum grains range up to 1 cm 
in diameter, and are commonly set in a matrix of biotite which 
wraps around the corundum p orphyroblasts. Spinel and sopphirine 
bearing varieties usually occur as small outcrops of very limited 
extent within a country rock made up of the more typical garnet- 
cordierite-sillimanite gneiss where they form tough, coarse and 
uneven grained rocks which have extremely irregular weathered 
surfaces and contain garnets up to 2 cm in diameter.
A considerable variation in mineral assemblages occur in 
these rocks, and some samples may contain more than 9 different 
phases. An example of a mode for a typical g a m e  t-cordieri te- 
sillimanite gneiss is: 5 - 1 0  per cent garnet, 10 - 20 per cent
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cordierite; 5 - 10 per cent sillimanite, 10 - 25 per cent biotite,
20 - 25 per cent oligoclase, 15 _ 25 per cent quartz, 5 - 1 5  per 
cent K-feldspar and accessory opaque minerals. The garnet is 
porphyroblastic with poikiloblastic cores containing quartz, 
plagioclase, sillimanite and biotite inclusions. In places the 
garnet has quartz myrmekites which radiate outwards into cordierite. 
Cuartz myrmekites are generally abundant, and are present in quartz, 
plagioclase and cordierite hosts. The cordierite is well twinned 
and poikiloblastic, and typically contains biotite and sillimanite 
grains. This suggests that the following reaction reported by 
Holdaway and Lee (1977) has occurred in these rocks:
biotite + sillimanite + quartz = cordierite + garnet + K-feldspar +  H^O 
Also, the reaction described by Currie (1971) is typical of these 
rocks, where cordierite and garnet shore common grain boundaries 
and both contain quartz and sillimanite inclusions: 
garnet + sillimanite + quartz = cordierite 
Both the K-feldspar and the plagioclase display perthitic and 
antiperthitic textures respectively, but are seldom poikiloblastic.
The sillimanite occurs in two n. jrphoJ ogies as (i) clusters of 
small needle-like grains within the garnet and cordierite; and 
(ii) larger columnar grains usually occurring within cordierite 
only where the sillimanite replaces the biotite (Figure 5).
A caj^pdum bearing variety of . iese gneisses has the 
following typical modal assemblage: 40 per cent corundum, 35
Figure 5:: Sillimanite (sill) replacing biotite (biot) in 
cordierite from a gornet-cordierite-sillimanite gneiss on the 
Farm Artonvilla (7 km east of Messina - see Horrocks, 1975). 
Scale bar is approximately 0,5 mm.
per cent biotite, 18 per cent alteration minerals, 5 per cent 
phiogopite, 2 per cent hornblende, accessory opaque minerals, 
and accessory ollanite. The corundum forms porphyroblasts up 
to 1 cm in diameter and contains inclusions of brown amphibole 
and colourless mica (phiogopite). In places, the corundum 
displays a distinct zonation revealed by cloudy traces of sub- 
microscopic particles incorporated during crystal growth. 
Biotite laths wrap around the corundum, and also occur as 
scattered prismatic grains in an amorphous groundmass of the 
alteration products, which include sericitic micas and clay 
minerals probably after a feldspar.
The almost monominerallic sillimanite rock contains
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prismatic grains of sillimanite which are generally needle-like 
in form. However, larger columnar grains of sillimanite cross­
cut the smaller needles and probably represent a second stage of 
sillimanite crystallization. Also, biotite which may e m p r i s e  
up to 10 per cent of the rock occurs in similar replacement 
relationships as illustrated in Figure 5. Late stage greenish 
coloured very fine grained quartz is locally present in amounts 
up to 5 per cent, wnile accessory spinel and opaque minerals 
are also present. Small kink-banas and shear-zones deform the 
sillimani 3 needles on a n c r o . c o p i c  scale, and in some of the 
shear-zones, the larger columnar grains occur with their 
longest axes parallel to the zone's edge.
rne sopphirine bearing varieties are generally characterized 
by the presence of spinel, coiundum and bronzite. A typical 
mineral assemblage is as follows: 30 per cent biotite/phlogopite,
30 per cent coraierite, 10 per cent sopphirine, 10 per cent 
garnet, 5 per cent hercynite, 5 per cent alteration minerals,
4 per cent hypersthene/bronzite, 4 per cent omphibole (gedrite),
2 per cent corundum, accessory opaque minerals. Important 
mineral pcrogeneses which preserve complex reaction textures are 
a feature of these varieties. Canals of cordierite, sopphirine 
and spinel separate garnet from corundum which ore never seen in 
contact. In the some thin section, the isotropic green spinel, 
hercynite, can be observed to coexist with cordierite, and in
Figure 6: Sopphirine (sapp) overgrowing hercynite (sp) in
cordierite (cord) from a sopphirine rock on the Farm 
Randjesfontein (2 km north-east of the main Messina-Tshipise 
road - Map 1 in rear pocket). The scale bar is approximately 
0,5 mm.
Figure 7: Reaction rims of spinel (sp), sopphirine and
cordierite separating corundum and garnet, in sopphirine rock 
from the Farm Randjesfontein (2 km north-east of the main 
Messina-Tshipise road - Map 1 in rear pocket). The scale bar 
is approximately 0,5 mm.
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adjacent areas to be 'armoured' from cordierite by a thin rim 
of sapphirine (Figure 6). Where corundum is present, it is 
always rimmed by the hercynite, which is in turn rimmed by 
sapphirine. The sapphirine is then separated from the garnet 
by larger canals of cordierite (Figure 7). Bronzite also 
occurs in these rocks, and coexists with both garnet and 
cordierite (Figure 8). The amphibole in the rock consists or 
pale brown gedrite, and shows particularly well developed 
cleavage traces. It forms porphyroblasts up to a few 
millimetres in diameter, and commonly include: small granules of
o rthopyroxene.
<«<■
Figure 8: Reaction texture of garnet ( g a r ) which coexists with
both orthopyroxene (opx), cordierite (cord) and plagioclase (plag, 
in a sapphirine rock from the Farm Randjesfontein (2 km nort - 
east of the main Messina-Tshipise road - Map 1 in rear pocket).
T he :Cule bar is about 0,5 mm.
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Certain types of these gneisses, particularly those in 
close spatial association with the sapphirine bearing varieties 
preserve symplectitic textures. These contain vermicular 
orthopyroxene hosted within either cordierite or plagioclaso.
In samples with sapphirine, the orthopyroxene occurs intimately 
associated with biotite and may even completely overgrow the 
biotite (Figure 9). These minerals ore then most commonly
Figure 9: Symplectite consisting of vermicular orthopyroxene
(op*), biotite (biot), and cordierite (cord), in a sapphirine 
rock from the Farm Randjesfontein (2 km north-east of the main 
Messina-Tshipise rood - Map 1 in rear pocket). The scale bar 
is approximately 0,5 mm.
hosted in cordierite. In the case of symplectites containing 
vermicules of orthopyroxene hosted in plagioclase, the 
orthopyroxenes occur radiating outwards from a garnet 
porphyroblast (Figure 10), and in some specimens, the garnet
may be entirely absent with only spherical 'k n o t s 1 of the 
orthopyroxene in plagioclose remaining.
r........... i
Figure 10: Symplectite consisting of radiating
vermicular orthopyroxene (o p x ) in plagioclase (plag) around a 
garnet porphyroblost (gar) in a symplectite rock from the Farm 
Rand jesfontein (2 km north-east of the main Messina-Tshipise 
roaa - Map 1 in rear p o c k e t ) . The scale bar is approximately 
0,5 mm.
In summary, these textures may be ascribed to the following 
reactions. Corundum and garnet appear to be the earliest 
formed mef amorphic minerals, and are separated by a reaction 
rim of mainly cordierite (Figure 7):
2X3 A12Si3012 + AJ2°3 + 3Al2 Si05 + 6Si0„, . 3X2 Al^Si,0,g
garnet corundum sillimanite quartz cordierite
1 his reaction consumes alumino-silicate and quartz, which is 
supported by the fact that sillimanite and quartz are common
37
inclusions within the garnet and cordierite in all varieties of 
these gneisses. Also, the association of enstatite + kyanite 
+ quartz has been described from rocks in the Central Zone of 
the Limpopo Mobile Belt (Chinner and S w e at ma n , 1968) and suggests 
that reactions similar to:
enstatite + kyanite/sillimanite + quartz = cordierite 
may have been responsible for the breakdown of an earlier 
assemblage such as enstatite + kyanite + corundum + qur.'tz + 
garnet into new phases, for example garnet + cordis i.e + spinel
+ sapphirine. Sapphirine forming reactions whir .day be
applicable in the area under study hav.? been studied by Seifert 
(1974) and include:
cordierite + corundum = sapphirine + sillimanite
or cordierite + corundum = sapphirine
However, sapphirine is always * a r m o u r e d 1 from the corundum by 
spinel probably by the reaction:
cordierite + spinel + corundum ?= sapphirine 
Such reactions are considered by Ley reloup e t . g l . (1975) to 
occur during retrograde transitions to low pressure gxanulite 
facies in felsic rocks at high temperatures.
Whole-rock and mineral geochemical data have been obtained 
for these g a m e t - c o r d i e r i t e - s i l l i m a n i t e  gneisses and their 
related sapphirine, spinel, corundum and symplectitic varieties. 
The whcle-rock analytical data are presented in Table 3, whilst
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Table 3: Whole-rock analyses of qarne-i:- iordieri.te-sillimoni.te
gneiss and related varieties
1 2 3 4 5
Si02 54,99 55,02 31,01 46,29 29,33
Ti02 0,81 0,84 0,98 1,22 0,96
A Y ]
20,76 21,60 36,08 17,22 31,41
FeO 10,47 9,88 11,58 16,78 12,58
MnO 0,12 0,12 0,01 0,16 0,03
MgO 6,92 6,96 14,31 10,05 23,21
CaO 1,08 1,08 0,63 6,92 0,14
N a 20 1,17 1,07 0,51 0,80 1,05
lK2° 2,85
2,71 2,02 0,35 -
P2°5
0,06 0,07 0,12 0,20 0,16
LOI 0,84 0,77 2,57 0,33 1,20
Total 100,07 100,11 99,82 100,32 100,07
1: g a m e t - c o r d i e r i t e - s i l l i m a n i t e  gneiss (21-7-F) - Farm 
Boschrand.
2: garnet-cordierite-sillimanite gneiss (21-7-G) - Farm
Boschrand.
3: sapphirino bearing rock (2-8-12) - Farm Rond jesfontein, 
4: garnet-orthopyroxene-plagioclase symplectrte (2-8-10) - 
Farm Rand jesfontein.
5: cordierite-spinel-corundum rock (2-8-1) - Farm C h i ru nd u .
Analyst: P.C. Horrocks
Total iron determined as FeO 
LOI = loss on ignition
i
the mineral analytical data (electron probe microanalyses) ore 
presented in Appendix 2.
The whole-rock analyses for these rocks show some great 
variability. The garnet-cordierite-sillimanite gneiss (nos. 1 
and 2, Table 3) are essentially pelitic in composition (see 
Pettijohn, 195/, p.106) with S i 0 o , Al.yD^, FeO and MgO comprising 
more than 90 per cent of the rock. However, compared to the 
compositions of typical shales, these gneisses show relative 
den s in the lithophile components (SiO^, Al^O^, CaO, N a o0
and vile the siderophile components (FeO, MgO) are
rela\ en-icned. The sapphirine, spinel and corundum
oearing lithologios (nos. 3 and 5, Table 3) display this trend 
in an even greater degree, with the exception of *hi.ch i s
high in these rocks relative to the garnet-cordierite-sillimanite 
gneiss country rock. Silica and the alkalis (CjO, Na^C and K^O) 
are depleted, while the A ^ O y  FeO and MgO are enriched by 
d gn i F i c a n t  amounts, for example the Al^O^ is enriched from about 
21 per cent in the garnet-cordierite-sillimanite gneiss to about 
36 oer cent in the sapphirine bearing rock (see Table 3). The
symplectite (no.4, Table 3) is depleted in SiO^ and Al^D^ while 
enriched in FeO, MgO and CaO relative to thj garnet-cordierite- 
sillimanite gneisses. In the case of CaO, this enrichment is 
from about 1 per cent CaO to about 7 per cent CaO.
Numerous electron probe microanalyses of minerals from
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these lithologies are presented in Appendix 2. These have been 
used in applying various geothermometers and geobaro,. .sters in 
order to establish some physical conditions of the metamorphism, 
and in a study of compositional zonation in garnet. These 
topics are discussed in more detail later in this report.
Suffice it to say here that the minerals analysed from the 
g a m e t - c o r d i e r i t e - s i l l i m a n i t e  gneiss include feldspar, mica, 
garnet and cordierite. The mica is generally phlogopite with 
Mg/Mg+Fe ratios approaching 0,7 but phlogopite in contact with 
garnet is generally more magnesian than tiose grains isolated 
from the garnet. The garnet shows a distinctive zonation in 
Mg and Fe which is gei ally concentric to the margins of the 
porphyroblasts, and varies from about A l m ^ R y ^  cl the grain 
cores to about A l m - ^ P y ^  at the grain margins. Grossular and 
spessartine forms negligible proportions of the garnet in the 
gornet-cordierite-sillimanite gneiss. However, in the
symplectite, grossular forms up to 20 per cent of the v arnet, 
and zoning is much less marked. The sapphirine bearing 
varieties contain garnet which displays similo** compositions and 
zoning to that in the garnet-cordierite-sillimanite gneiss. The 
cordierite is generally unzoned, and has typical Mg/Mg+Fe ratios 
of about 0,8. In addition to these minerals, sapphirine, 
spinel, gedrite and orthopyroxene analyses have oeen outlined 
from the sapohirine and other varieties of these rocks (see
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Appendix 2). In these sam pl es , the mica is also phlogopitic, 
with Ti0 o contents up to 2,5 per cent which contrasts with about 
1,5 per cent in the g a m e t - c o r d i e r i t e - s i l l i m a n i t e  gneiss. The 
orthopyroxene is typically bron zite in the sapphirine rocks, 
with a Mg/Mg+Fe ratio of about 0,7 or higher.
Pyroxenitic amphibolite
Amphibolitic gneisses are c.mmon (see Map 1 in rear pocket) 
but display considerable variety in their field appearance and 
constituent mineral components. Although termed 'amphibolites' 
as a field term by many workers in the reg io n , these rocks 
contain in general appreciable amounts of pyroxene, which can 
produce brown and reddish colours in outcrop as opposed to those 
more blackish melanocratic varieties with less pyroxene and more 
amphibole. The rock weathers easily, and typically occurs 
interlayered and infolded with quartzite, banded magnetite 
quartzite and also some pod-like serpentinites. This association 
of rock-types is characteristic in the area. However, thf/ also 
occur together with the quartzo-feldspathic gneisses where they 
are more leucocratic and generally contain more biotite. They 
are even grained rocks with grain sizes ranging from 1 to 3 mm 
in diameter. Many varieties are distinctly garneti rous, and 
take on a characteristic 'spotted' appearance, in which the 
1 spots' are a few centimetres in diameter, and often comprise 
garnet centres with aggregates of plagioclase grains forming
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Haloes. In some samples, idioblastic outlines can be detected, 
while others are deformed into e lipsoidal bodies within the 
rock. These textures and structures occur elsewhere in high- 
grade metamorphic provinces, and have even been used as palaeo- 
strain gauges (Schwerdtner et a l ., 1974).
These rocks are mainly pyroxene-amphibole-plagiaclase 
assemblages, and two modes are presented below, the first in a 
garnet-free variety, while the second contains garnet: 10 - 40
per cent andesine, 25 - 50 per cent hornblende, 0-35 per cent 
hypersthone, 0 - 2 5  per cent diopside, 0 - 2 0  per cent biotite, 
3 - 1 5  per cent quartz, 0 - 5  per cent opaque minerals, 0 - 5  
per cent chlorite, 0 - 5  per cent sphene; and 5 per cent 
labradorite, 75 per cent hornblende, 10 per cent hypersther.e, 2 
per cent diopside, 1 per cent biotite, 5 per cent quartz, 5 per 
cent garnet. The proportions of these phases vary considerably 
from locality to locality, and the above only represent typical 
assemblages. Many samples contain clinopyroxene without any 
orthopyroxene, and commonly, the diopside rims the hornblende, 
and blebs of optically continuous hornblende may be included 
within pyroxene grains. However, the diopside can also be 
rimmed by the hornblende, suggesting that both prograde and 
retrograde relationships r-e preserved between these minerals.
In the prograde relationship, orthopyroxene forms along grain 
boundaries between adjacent amphibole grains (Figure 11)
r i
Figjre 11: Prograde orthopyroxene (opx) replacing hornblende
(hble) along grain boundaries in a pyroxenitic amphibolite from 
the Farm Artonvillo (7 km east of Messina - see Horrocks, 1975).
Scale bar is about 0,5 mm.
where it consumes the amphibole and may contain optically 
continuous inclusions of hornblende. Alternatively, 
poikiloblostic grains of hornblende may 1 e seen to contain 
optically continuous inclusions of pyroxene (Figure 12) reflecting 
the retrograde relationship. These textures always occur in the 
presence of plagioclase and quartz, and suggest that they may 
have been formed by the following reactions described by De 
Waard (1965):
hornblende + quartz = hypersthene + clinopyroxene + plagioclase + H^O 
hornblende + biotite + quartz = hypersthene 4 K-feldspar 4
plagioclase 4  H^O
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Figure 12: Retrograde hornblende (hnble) containing optically
continuous inclusions of clinopyroxene (cpx) in a pyroxenitic 
amphibolite from the Form Artonvilla (7 km east of Messina •• 
see Horrocks, 1975). Scale har about 0,5 mm.
which are both reversible reactions controlled not only by 
pressure and temperature, but also by the partial pressure of 
water at the time of the metamorphism, which may be estimated 
using the following reaction (S.W. Richardson, pers. comm.): 
tremolite = enstatite + diopside + quartz + H o0 
Garnet bearing assemblages in these rocks hove two forms: 
either (i) garnet may occur in coexistence with the amphibole 
and pyroxene; or (ii) the garnet may occur with distinctive 
kelyphytic coronas as is the case in hornblende-rich varieties 
(Figures 13 and 14) which impart the characteristic 'spotted' 
appearance to the hand:,pecimen. In the former, the following 
reaction may in part account for the texture observed (De 
Waard, 1965):
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Figure 13: Kelyphitic corona texture about garnet (gar) in an
amphibole-rich pyroxenitic amphibolite from the Farm Artonvilla 
(7 km east of Messina - see Horrocks, 1975). The scale bar is 
approximately 0,5 mm.
f—  1 "  'i
figure 14: Kelyphitic aggregates of alteiud plagioclase,
amphibole and clinopyroxene in an amphi bole-rich p y n x e n i t i c  
amphibolite from the Farm Artonvilla (7 km east of Messina - 
see Horrocks, 1975). The scale bar is about 0,5 mm.
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hornblende + almandine + quartz = hypersthene + plagioclase + 
However, in the kelyphitic textures, the garnet is 'armoured' 
from the hornblende by a rim composed mainly of plagioclase, but 
which also contains inclusions of clinopyroxene and hornblende. 
This suggests a reaction which may hove the form:
hornblende + garnet = plagioclase + pyroxene +
The presence of garnet in these assemblages may be ascribed to 
an earlier reaction described by Green and Ringwood (1967): 
orthopyroxene + plagioclase = garnet + clinopyroxene + quartz 
which signifies their transition from lower pressure granulites 
to higher pressure granulites.
Whole-rock geochemical data for these rock-types are 
presented in Table 4 together with their respective C.I.P.W. 
normative assemblages. They reveal the cafemic nature of these 
lithologies, and pyroxene, plagioclase and quartz are the major 
normative minerals calculated. Hornblende is not calculated 
in a C.I.P.W. norm. Magnetite and ilmenite are important 
constituents, and in some samples comprise over 7 per cent of 
the normative assemblage.
Electron probe microanalyses cf minerals from these rocks 
(see Appendix 2) have been obtained for the application of 
various geobarometers and geothermometers. In a ddition, the 
activity of water may be calculated using these mineral 
parageneses. Data for feldspars, orthopyroxenes, clinopyroxenes
M l »  4;  W i o h / M f k  Mna l y > » ,  o f  p y f o Ka„ m t  Q ,1;, o t l t , ,  „ nd  t l . » l f  C . l . P . W  n o : . .
1 2 3 4 5 6 7 8 9 10
Average
oF 3 to 10
1,
fsio2 57,58 61,57 49,92 49,98 48,39 48,72 50,32 49,47 46,92 49,21 1.14
TiO, 1.18 0,88 1,50 1.26 1,09 1.57 1,35 1.26 1,01 1,08 1,27 0,20
13,48 15.75 13,74 14,62 15,07 13,57 14,52 14,39 15,04 15,41 14,55 0,64
Fl2°3 4,45 7,08 15,40 13,18 12.38 16,00 14,45 13,57 12,28 13,93 13,90 1.34
MnO 0,08 0,11 0,26 0,39 0,30 0,44 0,35 0,46 C, 39 0,28 0,36 0,07
MgO S.M 3,51 6,48 6,98 7.99 6,54 6,41 7,06 8,00 8,07 7,19 0,72
CeO 13,17 6,29 9,98 8,83 9,8; 9,64 9,35 8,78 9,46 9,87 9.47 0,46
No20 2,63 3,10 1,77 2,29 2,22 1,70 1,87 2,38 1,74 1.64 1,95 0,30
k2o 0,33 1,71 1,03 1,46 1,19 1,02 1,17 1,48 1,29 1,22 1,23 0.17
P2°5 - 6,20 0,09 0,08 0,06 0,10 0,08 0,09 0,06 0,04 0,08 0,02
101 0,86 0,33 0,72 1,10 1,69 0,78 0,93 1,22 1,66 1,72 1,23 0,42
Total 99.15 100,53 100,89 100,17 100,21 100,08 100,80 100,90 100,18 100,42 0,37
Kb ppm. 11 44 - .
St ppe. 163 356 - •
Bo ppm. 53,3 469 _
K/Rb 300 389
Rb/Sr 0,07 - - - - - - .
Muorli 12,08 16,38 1.44 - . 0,60 1,63
orthocloie 1,99 10,05 6,03 8,66 7,13 6,02 6,87 8,80 7,63 7,30
olbit* 22,64 26,08 14,84 19,45 19,03 14,37 15,72 20,26 14,74 14,04
onorthi te 24,41 23,86 26,25 25,38 27,98 26,33 27,58 24,34 29,43 31,44
diopiide 26,63 2,69 9,33 8,30 9,78 8,54 7,67 8.57 8,47 8,46
h*d*nbeiglte 6,92 2,14 9,12 6,58 7.52 8,72 7.24 8,01 5,58 6,20
enstotlte 1,31 7,44 11,66 10,91 4,68 12,30 12,30 8,65 15,42 7,66
ferrosillte 0,41 7,20 13,86 10,53 4,38 15,29 14,10 8,60 12,36 6,82
foriterite - - - 2.27 7,66 - - 4,28 0,41 6,13
fayolite - - - 1,57 7,45 - - 3,06 0,35 5,68
magnetite 1,31 2,05 4.42 2,82 2.17 4,63 4,16 2,90 3,57 4,09
ilmenite 2,28 1,66 2,82 1,80 2.10 2.98 2.55 1,80 1,92 2,08
apatite 0,02 0, 46 0,21 0.17 0.14 0,23 0,18 0,19 0,14 0,09
11 pytoieni tic 
2: pytoxenitic 
3 - 10: pytoxenitic
omphibuli te (28-5-K) - 
omphibolite (18-6-C) - 
omphibdlite (077-44 to
Fore Shongoni.
Form Veenen.
077-51) - Farm Mogdola.
Analyst: 
Total Fe d 
LOT i loss
’.C. Hori'ocRs 
Itoimined as Fe.O. 
oF Ignition.
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hornblendes and garnets which are in coexistence are p resenieu 
in Appendix 2. The garnet is generally unzoned, in contrast 
to those in the garnet-cordierite-siilimanite gneiss and typically 
gives Mg/Mg+Fe ratios of about 0,2. Grossular forms on important 
component of these garnets in amounts up to 30 per cent in 
addition to almondine and oyrope.
bcric^^ magnetite guartzite 
The quartzites form prominent ridges in the area, particularly 
in the north-western region (see Map 1 in rear pocket) where they are 
typically interlayered with considerable thicknesses of pyroxenitic 
amphibolite. Boudins of bonded magnetite quortzite and bodies of 
garnet quortzite, serpentinite and pyroxenite also occur in close 
and characteristic ossociatior, with the quartzites. A l t h o u g h  
the quortzi os are only a few metres thick, ^he o b u n d a n . f loat 
and scree mat trial obscures the outcrop of other lithologies, 
of d creates a false impression of the thickness of the q u o r t z i t e
units.
The quart.Tite is largely recrystallized, and in many outcrops 
assumes a milky vein-quartz appearance. In places, the rock 
contains disseminated leucocratic and melanocratic minerals 
ranging from 1 to 3 mm in size. At some localities, for example 
on the Farm Dover, the quortzite is distinctly sillimani .e 
bearing which imports a marked linear fabric to the rock. An 
unusual garnet quortzite occurs on the Form Heuningfontein
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interlayered with other quartzo-feidspathic and amphibolitic 
gneisses, and is composed of quartz scattered with garnet grains 
ranging up to 8 mm in diameter.
In thin section, other disseminated minerals apart from 
quartz include oligoclase, biotite, orthopyroxene which in 
places contains inclusions of cJ inopyroxene and amphibole, 
amphibole, clinopyroxene, rutile needles, sillimonite and 
sericitic micas. These disseminated minerals range up to 3 mm 
in size, and occur bcth along quartz grain boundaries and 
included within quartz grains. They often produce a microscopic 
fabric due to the alignment of their longest dimensions (Figure 
15). The plagioclase commonly displays intense sericitization,
-  - K
• •
. .
I # i wW.') * 1
Figure 15: Rutile needles in quartz in a quartzite from the
Farm Artonvilla (7 km east of Messina - see Horrocks, 1975). 
Scale bar is approximately 0,5 mm.
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while the quartz groin boundaries are typically dusted with iron 
oxides and sericitic mica flakes. The equidimensionol shapes 
and polygonization of the quartz grains suggest that they are 
largely recrystallized, and they show little or no undulose 
extinction. However, deformation bands are common in these 
rocks within the larger quartz grains (Figure 16) and are 
revealed by their small optical orientation differences. Trails 
of fluid inclusions are also common in the quartz grains.
i : -
Figure 16: Deformation band in a quartz grain in a quortzite
from the Farm Artonvilla (7 km oast of Messina - see Horrocks, 
1975). The scale bar is about 0,5 mm.
T h $ garnet q u a rt fit" which crops out on the Farm
Heuningfontein is notable for the large garnet porphyroblasts
which range up to 5 mm in diameter. The rock has the following
approximate model composition: 30 per cent garnet, 60 per cent
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quartz, 5 per cent andesine, 2 per cent hornblende, 1 per cent 
clinopyroxene, 2 per cent alteration minerals, accessory opaque 
minerals and accessory allanite. The garnet forns distinctive 
atoll structures in places, with idioblastic outlines and quartz- 
filled cores (Figure 17). The other silicate minerals are 
commonly obscured by alteration products. Abundant metamict 
allanite grains are dispersed in the quartz and show radial 
fractures and trails of fluid inr' -sions surrounding them and 
penetrating the adjacent miners. ^Figure 18). Deformation 
bunds are also present in this rock-type.
ihe banded magnetite ouortzite is mainly developed within 
py oxenitic amphibolite units interlayered with the quartzite in 
vhe north and north-west of the study area (see Map 1 in rear
Figure 1/ : Atoll structure of garnet in a garnet quartzite from
the Form Heuningfontein (2 km west of the main Messina-Tshipiye 
road - see Map 1 in rear pocket). Scale bar is about 0,5 mm.
Figure 18: Metamict allanite grains in a garnet quartzite from
the Farm Heuningfontein (2 km west of the main Messina-Tshipise 
road - see Map 1 in rear pocket). The scale bar is approximately 
0,5 mm.
pocket). The rock is notable for the presence of well developed 
and well exposed minor fold structures. The rock also forms a 
useful marker horizon. The rock has a high viscosity in 
comparison to the surrounding lithologies, which are mainly 
pyroxenitic amphibolite, and hence is extensively boudinaged 
during .he obvious attenuation these lithologies have experienced. 
Thus units of this rock-type occur over an extensive but 
discontinuous strike length. The rock contains fine laminations 
from 1 to 4 mm in thickness made up of alternating quartz and 
magnetite layers.
This fine banding in these rocks can be clearly seen in 
thin section (Figure 19). The magnetite grains ora typically
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idioblastic and detached from each other giving the rock a very 
granular appearance. The layers have the appearance of being 
'graded' (Figure 19) with sharply bounded 'bottom' surfaces from 
which the densely packed and fine grained magnetite grades upwards, 
becoming more coarse grained, and less densely Locked with an 
increasing proportion of interstitial quartz. The quartz 9 -ains 
are recrystallized with little or no undulose extinction, and 
are characterized by a cloudy appearance due to large amounts 
of submicroscopic particles, probably iron oxides, bubbles and 
fluid inclusion trails (Figure 20).
A more massively recrystallized haematitic ore occurs 
within a unit of this rock type on the Farm Heuningfontein (see 
Map 1 in rear pocket) and in the past has been mined for its 
iron content, as have other localities of this rock type in the 
area under study. In places, amphibole asbestos occurs with 
fibres ranging up to 5 cm in length. Also, highly axtered 
amphiboles and small radiating clusters of si11 imanite needles 
up to 1 cm in length occur with this ore.
A whole-rock analysis of a sample of this rock type from 
the Farm Heuningfontein is presented in Table 5. Over 95 per 
cent of the rock is made up of silica and iron oxide. Ti^ 2  
makes up a very low proportion of this rock (0,01 per cent) and 
distinguishes these rocks from the chromium and titanium bearing 
magnetitites occurring within the intrusive rocks of the Messina 
Layered Intrusion (Stihnge, 1946; Barton et a l ., 197 9a ) . NogO
Figure 19: Laminations in a banded magnetite quartzite from the
Farm Heuningfontein (l km west of the main Messina-Tshipise road 
- see Map 1 in rear poc ke t) . Note the graded grain size of 
magnetite granuJes within the laminations. The scale bar is 
approximately 0,5 mm.
&
--- {
Figure 20: Fluid inclusions, some of which contain gas bubbles,
in a banded magnetite quartzite from the Farm Heuningfontein (l 
km west of the main Messina-Tshipise road - see Map 1 in rear 
pocket). The scale bar is about 0,05 mm.
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Table 5: A whole-rock analysis of a bonded magnetite qu a r t z ^
(sample no.4-2-13, Farm Heuningfontein - see Map 2 in rear 
pocket)
Si02 47,81
Ti0 2 0,01
A12°3
0,59
FeO 45,18
MnO 0,06
MgO 0,91
CaO 0,09
No 20 4,57
K2°
-
P2°5
0,04
LOI 0,53
Total 99,79
Analyst: P.C.B. Horrocks
Total iron determined as FeO 
LOI = loss on ignition
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forms a significant amount in the rock (over 4,5 per cent) and 
is probably associated w i '1 altered plagioclase which occurs in 
small quantities in these rocks.
C a l c - s i l i c a t e  g n e i s s  a n d  m a r b l e
The calc-silicate gneiss characteristically forms prominent 
outcrops due to its resistance to weathering. These rocks are 
well banded with bands usually only a few millimetres in thickness 
made up of alternating melanocratic and leucocratic layers.
Like the banded magnetite quartzite, this rock is characterized 
by minor fold structures and is useful as c structural and as a 
mapping marker horizon. The mineral grains are of uniform size 
ranging from 1 to 3 mm in diameter, although some massive greyish 
coloured varieties containing carbonate minerals also occur,
usually adjacent to units of marble.
The mineralogical composition of calc-silicate varieties 
occurring in the area under study is as follows: 45 - 55 per
cent labradorite, 10 - 35 per cent diopside, 0 - 2 0  per cent 
hornblende, 0 - 15 per cent calcite, 0 - 10 per cent quartz, 0 - 
5 per cent biotite, accessory opaque minerals and accessory 
zircon. They ore characterized by abundant calcic plagioclase 
and weakly pleochroic pale green diopside. The plagioclase is 
frequently heavily altered and replaced by sericitic micas, while 
some samples contain numerous zircons which are generally free 
of metamict texture.
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Marbles are not abundant in the area mapped, but occur 
much more frequently in the south-east in the vicinity of the 
village of Tshipise (Figure 2). The main occurrence in the 
study area forms prominent ridges in the south-east of the area 
parallel to and just north-west of the Bosbokpoort Fault (see 
Map 1 in rear p oc k e t ) . Minor quantities of carbonate-bearing 
rocks also occur on the Farms Shangani and Boulogne (see Map 1 
in rear pocket). The interlocking carbonate grains up to 4 mm 
in diameter give the rock a coarsely crystalline texture. The 
silicate minerals, often heavily .tercd, range up to 5 mm in 
diameter and impart u speckled appearance to the rock. This 
lithology weathers positively in the dry climate of the area.
In thin section, the marbles typically comprise about 30 
per cent ferromagnesian silicates and 70 per cent carbonate 
material. The greenish silicates are heavily seroentinized 
olivines, now entirely composed of serpentine whose development 
resulted in magnetite exsolution. The Alizarin Red S test 
(scdiu i alizarinsulphonate in dilute hydrochloric acid ) produced 
a reddish violet stain when applied to the carbonate grains, 
indicating that the composition is largely calcitic (CcCO^).
Metapyroxenite and sernentinite
The metapyroxenites, termed 'p e r k n i t e s 1 by Stihnge (1946), 
form good outcrops due to their resistance to weathering. The 
rock is hard and brittle, forming small hillocks of dark reddish
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brown to block sharp-edged boulders. 1 he pyroxenite is coarse 
grained and contains reddish pyroxene megacrysts up to 2 cm in 
diameter. The serpenrinites, in contrast, weather more readily 
and form poor out rops usually covered with a rulo^e of whitish 
and greyish coloured boulders. In places, --he serpent^ni 
preserves original pyroxene occurring in layers up to 2 cm thick 
and is only partially serpentinized. Both of these rock types 
occur as pod-like or boudin-like bodies. In general, they are 
confined to a zone in the north, north-west and west of the area 
(see Map 1 in rear pocket) which contains the most extensive 
outcrops of quartzite, bonded magnetite quartzite and pyroxenitic 
amphibolite. Three relatively large outcrops of these rock- 
types occur within the region:
1. An oval shaped body about AGO by 700 m in size is exposed 
on the Form Shangani (see Map 1 in rear pocket). This locality 
displays amphibolitization, and the major part of the rock is 
made up of omphibole grains ranging up to 5 mm in size.
Peripheral pyroxenites rim the outcrop. Several pegmatites cut 
the rock, some of which display green malachite staining.
2. An outcrop 600 to 1 500 m occurs on the Farms Veenen and 
Dover enclosed by quartzites (see Map 1 in rear pocket). A few 
small veins of omphibole asbestos, usually less than 1 cm thick, 
cut through the serpentinized portions of the body, while 
numerous small pods and outlying lenses of pyroxenite and
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serpentinite occur in the surrounding o.reo adjacent to the 
large outcrop.
3. On the Form Middelbult, an outcrop of 600 by 1 100 m in 
size occurs. It is strongly serpentirized and cut by numerous 
pegmatites.
In the reddish coarse grained metapyroxenites, thin sections 
reveal distinctive orthopyroxene megacrysts. These are 
poikiloblastic hypersthene, and commonly contain inclusions of 
clinopyroxene and the green spinel hercynite (Figure 21). The 
matrix to these hypersthenes is made up of smaller equant grains 
of clinopyroxene, with scattered spinels and pale-brown amphiboles.
Figure 21: Poikiloblastic hypersthene megacryst (opx) containing
clinopyroxene (cpx) and hercynite inclusions (sp), in a 
metapyroxenite from the Farm Artonvilla (7 km east of Messina - 
see Horrocks, 1975). The scale bar is about 0,5 mm.
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The amphibolitized variety occurring on Farm Shangani is 
essentially monominerallic in places. Pale amphiboles with 
cleavage planes either poorly developed or aosent produce a 
recrystallized granoblastJc texture, with well-formed 120 
triple point junctions between the idioblastic grains (Figure 22). 
An X-ray powder diffraction scan on this mineral revealed 
tremolite 'peaks' suggesting that this rock has resulted from a 
hydrous alteration. Some samples contain minor amounts of a 
altered clinopyroxene, and highly altered and sericitized 
plagioclase which occurs along the amphibole grain boundaries 
and in the interstices.
Figure 22: Recrystallized t r e m o l i U c  amphibole in an
amphibolitized metapyroxenite from the -arm Shangani (4 km west 
of the main Mr usina-Tshipise road - see Mop 1 in rear pocket/. 
The scale bar is about 0,5 mm.
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The serpentinites contain variable amounts of pyroxene and 
amphibole, many of which are obscured by hydrous alteration 
products. The degree of serpentinization is variable from 
sample to sample, with some showing complete replacement textures 
of serpentine and magnetite. The magnetite is exsolved along 
certain serpentine lamellae and reveals ghost outlines of 
previous cleavage planes in vhat was mainly pyroxene, but 
possibly also olivine grains- In places, orthopyroxene remnants 
occur surrounded by serpentint (Figure 23) perhaps reflecting the 
r e a c t i o n :
orthopyroxene + h^O = serpentine + magnetite
Figure 23: Serpentine (serp) replacing orthopyroxene (opx) in a
serpentinite from the Farm Heuningfontein ( 5 0 0 m west of the main 
Messina -Tshipise rood - see Map 1 in rear pocket). The scale 
bar is approximately 0,5 mm. Abundant hornblende (hnblej 
occurs in this rock.
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Some samples are composed almost entirely of amphibole and 
pyroxene and are only cut in places by thin layets of serpentine 
up to 1 mm thick (Figure 24). In this case, only non-hydrous 
minerals such as pyroxene appear to be affected by the 
serpen .inization process while already hydrous minerals such as 
amphibole have remained stable and unaffected by the growth of 
s erpen-ine. This process enhances any mineralogical layering 
existing in the rock.
,11
Figure 24: Serpentine (serp) occurring in thin bands in a
serpentinite from the Form Heuningfontein (500 m west of the 
main Messina-Tshipise road - see Map 1 in rear pocket). Note 
the magnetite (mag) exsolution outlining earlier grain shapes 
(probably pyroxene) while the amphibole (hnble) is 
unserpentinized. The scale bar is about 0,5 mm.
Whole-rock and mineral geochemical data for these rocks is 
presented in a complementary study (Fripp, 1981c). Additional 
mineral analyses obtained in this study are presented in
63
A p p e n d i x  2 a n d  i n c l u d e  e l e c t r o n  p r o b e  m i c r o a n a l y s c s  of 
o r t h o p y r o x e n j ,  c l i n o p y r o x e n e ,  a m p h i b o l e  a n d  s p i n e l .  These 
d a t a  a r e  d i s c u s s e d  l a t e r  in r e l a t i o n  t o  v a r i o u s  m e t h o d s  o f  
g e o t h e r m o m e t r y .
G a b b r o i c  a n d  a n o r t h o s i t i c  q n e i s s e s  ot ^ h e M e s s i n g  l- a y e r “ d 
I n t r u s i o n
These rocks which belong to the Messina Layered Intrusion 
(Barton et a l ., 1979a) comprise a variety of plagioclase 
bearing units in the study area. They form sheet-like layers 
which appear to be concordant with t h ; supracrustal stratigraphy 
over most of the area. They reach a maximum thickness of 
about 2 km in outcrop in the northern oart of the area on the 
Farm Boschrand (see Map 1 in rear pocket) where the body 
contains a central axis of tightly infolded units or pyroxenite, 
quartzite, banded magnetite quartzite, calc-silicate and other 
paragneisses up to a maximum thickness of about 25 m. Towards 
the south, the anorthositic and gabbroic gneisses thin appreciably 
and become boudinaged in places, such as on the Farms Dover,
Veenen and Heuningfontein (see Map 1 in rear pocket). On the 
Farm Shangani, the unit displays a compositional symmetry across 
its width (about 500 m). More melanocratic gabbroic varieties 
occur along its margins with the country rock, while the centre 
contains a more monominerallic plagioclose anorthositic rock.
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In places, magnetitite occurs within the anorthositic rocks such 
ns =n the Form Boulogne and Boschrond (see Mop 1 in rear pocket). 
The magnetitite is clearly distinguishable from the bonded 
magnetite quartzit, which occurs within the surrounding gneisses 
in that it has a more mossive and crystalline appearance and 
lacks the presence of quartz and the finely bonded laminations 
Characteristic of the latter. The magnetite groins ore up to 
4 mm in diameter, while the even groined anorthositic rocks have 
grain sizes which vary from about 1 mm to 4 mm. Plagioclase 
megocrysts up to 10 cm in size ore known to occur. Melonocrotic 
mineral, are predominan iy pyroxenes and omphiboles, although 
olivine and garnet have been described in this rock (Sbhnge, 1946; 
aahnemann, 1972; Barton et_ ol . , 197 9a ) . Discrete melonocrotic 
unit, occur within the anorthositic and gabbroic rocks, and are 
often dyke or sill-like in form. Commonly, they or, boudinoged 
along their strike. Also, they display a form of graded 
layering, where plagioclase megocrysts or aggregates grade in 
size across the thickness of the units (see Plates in Barton et 
— ' ' These structures have been interpreted as 'fining
upward' cycles, and used to provide facing directions in these 
rocks (Barton e t _ o l . , 1979.). Wherever they are observed, these 
directions appear to be consistent, although reversals in 
direction occur due to internal folding. Also, the metopyroxenite 
and serpentinites described earlier have been regarded as forming
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an integral part of the Messina Layered Intrusion suite (Barton 
et al .. 1979a). However, within the study area, no direct 
spatial association between these rock types was observed.
The rocks of the Messina Layered Intrusion vary in 
composition from more plagioclase-rich anorthosites to more 
melanocratic gabbros. Mineralogical compositions are presented 
below for two typical end-members in this range. An approximate 
mode for the anorthosite is as follows: 90 per cent plagiocluse,
7 per cent clinopyroxene, 3 per cent quartz and accessory ore; 
and for the gabbro: 45 per cent plagioclase, 40 per cent
hornblende, 10 per cent clinopyroxene, 5 per cent quartz and 
alteration minerals. Using the refractive index method on 
cleavage fragments (see p.327, Deer et a l ., 1966), compositions 
of the plagioclase were estimated. Typical values of the 
refractive index, n^, varied from about 1,560 to 1,565 which 
suggests anorthite contents in the plagioclase from about 60 per 
cent to 70 per cent (labradorite to bytownite). The plagioclase 
is commonly sericitized, and typically forms cumulate-type equant 
grains. The clinopyroxene is typically highly altered and 
replaced by chlorite, and together with quartz, occurs as 
intercumulus-type material in the i n t er st it i^ 1 spaces between 
the plagioclase grains (Figure 25). A replacement texture occurs 
in some of the more gabbroic samples whereby the often chloritized 
clinopyroxene appears to replace hornblende and contains
Figure 25: Interstitial altered clinopyroxene between
plagioclase in an anorthositic gneiss from the Farm Shangani (4 
km west of the main Messina-Tshipise road - see Map 1 in rear 
pocket). Scale bar is about 0,5 mm.
optically continuous inclusions of the amphibole (Figure 26) 
probably by a reaction of the form:
h o r n b l e n d e  + q u a r t z  = c l i n o p y r o x e n e  + h^O 
A l t e r a t i o n  i s  a p p a r e n t  i n  t h e s e  r o c k - t y p e s  and common a l t e r a t i o n  
m i n e r a l s  i n c l u d e  e p i d o t e , z o i s r t e ,  c h l o r i t e  and s e r i c i t i c  m i c a s .
Whole-rock analyses of samples collected on Shangani, Veenen 
and Heuningfontein, although an integral part of the present study, 
are included in a joint publication (Barton et al ., 1979a, Table
1). The six samples from Form Shangani were collected on a 
slightly oblique traverse across the width of the unit at 
approximately 100 m intervals in an attempt to show the 
compositional variation which is apparent in this region.
Figure 26: Clinopyroxene (cpx) replacing and containing
optically continuous inclusions of hornblende (hnble) in a 
gabbroic gneiss from the Farm Shangani (4 km west of the main 
Messina-Tshipise rood - see Map 1 in rear pocket). :he scale 
bar is approximately 0,5 mm.
Samples 26-5-A and 26-5-F are positioned close to the margins of
the unit and ore the most gabbroic in composition. Samples 
26-5-B, 26-5-C, 26-5-D and 26-5-E are spaced between and reveal 
more anorthositic compositions. SiO^, and CaO are the
most abundant constituents commonly making up over 90 of the rock 
by weight. K^O usually comprises less than 1 per cent of the
rock. Sr and Bo show wide variations.
Electron probe microanalyses of hornblende, clinopyroxene 
and plagioclase from these rocks are presented in Appendix 2.
Use has been made of the mineral analytical data in geobarometer 
calculations discussed later.
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Pi scuss i o.i
The area studied does not lend itself well to the problem 
of recognizing and describing the differences between 1 basement * 
and supracrustal components of the geology of the area. The 
isolated outcrops of the grey banded gneisses recognized as 
being basement are unfortunately found in r e g i o n o f  poor 
exposure, and contacts with the supracrustal gneisses were not 
observed. However, the basement gneisses were re'; ignized as 
such by their obvious physical characteristics onparable to the 
Sand River Gneisses described in detail as being a basement to 
rupracrustal cover units by Fripp (l981a-c). These gneisses 
are amongst the most ancient occurring on the Eo.th, and have 
provided whole-rock Rb-Sr isochrons of about 3 800 m.y. (Barton 
et a l ., 1978). Thus they can be compared with the Isua 
suprocrustols and Amitsoq gneisses of the Archaean terrene in 
Greenland (Bridgewater et a l ., 1976). The mafic dykes may be 
the equivalents of the Ameralik dykes in Greenland, though two 
ages of these ancient deformed dykes are described in the Sand 
River Gneisses (Barton et a l ., 1977). It has not been possible 
to distinguish in the mapped area which of these two dyke events, 
at 3 570 and 3 060 m.y. respectively (see Table l ) , is represented 
by the mafic dykes occurring in the basement outcrops in the 
study area (e.g. Figure 3).
The bulk of the area is underlain by supracrustal gneisses,
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which are recognized as such due to their heterogeneous 
composition. The Lnterbanding of units such as quartzite, 
banded magnetite quartzite, marble, colc-silicate gneiss and 
metapelitic garnet-cordierite-sillimanite gneiss suggests a 
stratigraphy which can only belong to a supracrustal sequence.
The quartzo-feldspathic gneisses form the largest volume 
of the supracrustal rocks exposed in the study area. The 
observations of cross-cutting quartzo-feldspathic dykes in the 
.,er supracrustal units, and the intrusion of large masses 
into the basement gneisses are suggestive of a partial melting 
origin for these lithologies, and it is concluded that the 
ubiquitous distribution and abundance of quartzo-feldspathic 
units in the area reflect the considerable degree of anatexis 
that occurred during the metcmorphism anu tectonism in the region. 
The garnet-cordierite-sillimanite gneisses are always associated 
with the quartzo-feldspathic gneisses, and together with the 
high A1 and Mg refractory corundum and sapphirine-bearing rocks 
('restites') support the contention that anatexis has been 
widespread in these regions. Although these rocks are comprised 
of predominantly quartz and feldspar, considerable variations in 
the proportions of CaO, Na^D, ^ 0 ,  Rb, Sr and Ba occur, revealing 
the relative mobilities of these components in these rocks under 
high grade metamorphic conditions and anatexis.
The composition of the Singelele-type granitoid gneiss may
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be closely compared with average compositions of rhyolites and 
arkoses (Table 6) and can be seen to closely match the 
composition of an average rhyolite. Also, the analytical data 
of the Singelele samples obtained from within the study area 
(Table 2) when plotted in a Qz-Ab-Or ternary diagram (Figure 27) 
falls within the field of quartz-rich granites. Thus, although 
the rock may have experienced anatexis, it is highly probable 
that its origin was volcanic, being extruded contemporaneously 
with the sedimentation of the other supracrustal lithologies.
A study of the Rb, Sr and Ba trace element patterns in this rock 
(McCarthy, 1977) has shown that considerable partial melting 
occurred during the peak of metamorphism that affected the 
Singelele gneiss, and that a partial melt fraction enriched in 
Rb and Ba was extracted and locally separated from a residual 
fraction richer in Sr. From samples collected at the type 
locality in the Singelele Hills near Messina (Figure 2) the 
partial melt fraction typically shows about 78 per cent SiC^ in 
its composition, while the residue shows about 72 per cent SiO^. 
Tne Singelele samples from Farm Ostend have values which average 
close to 78 per cent SiC^, and probably indicates that these 
outcrops in the study area ore made up of mainly partially melted 
material. Thus the conclusion of Bahnemann (1973) and McCarthy 
(1977) that the Singelele granitoid owes its origin in part or 
locally to anatexis is supported, although no evidence could be
T a b l e  6: C o m p a r i s o n  of the S l n g e l ^ l e - t y p e  g r a n i t o i d  g n e i s s
c o m p o s i t i o n  w i t h  t h o s e  of r h v o l i t e  and a r k o s e
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75,5776,2178,79SiO
0,420,070,12TiO
11,3812,5811,21Al-0
0 820,301,88
1,630,73FeO
0,050,01MnO
0,720,030,07MgO
1,690,610,49CaO
2,454,053,19
3,354,724,63
0,300,010,04
1,06HL0+
0,050,52m o-
0, 51
100,0099,87100,59Total
1: average of 6 analyses of samples of Singelele-type
granitoid gneiss (876-85 to 876-90) - Farm 0stend (see 
Table 2, columns 5 to 10).
f s
2; rhyolitic obsidian, Mono Craters, California (Carmichael 
et a l ., 1974, p.35).
3: average of three analyses of Torridonian arkose (Kennedy,
1951, p . 258).
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Figure 27: A quartz-albite-orthoclose (Qz-A. -Or) ternary
diagram showing the compositions (open triangles) of the 
Singelele-type granitoid gneiss sampled on the Farm Ostend 
(see Map 2 in rear pocket - data from Table 2). The dotted 
line outlines the region of anatectic granites, while the 
solid dot marks che temperature minimum on the dashed 
cotectic line (after Winkler, 1974).
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found which supports B o h n e m o n n 's view that Singelele represents 
a remobilized melt from the other units in the stratigraphy, 
such as the anorthosite, quartzo-feldspathic gneiss, and garnet- 
cordierite-sillimanite gneiss. The Rb, Sr and Ba population of 
the Singelele samples are discrete from those of the other 
stratigraphic units, and are not disperse^ in a differentiation 
trend. It may therefore be concluded that the Singelele-type 
granitoid represents a volcano-sedimentary unit of rhyolitic 
composition within the stratigraphic sequence, and not a later 
intrusive melt fraction as suggested by Bohnemonn (1973). In 
addition, it has been shown that this rocK has experienced all 
the structural deformation history that the other supracrustal 
units have undergone (Fripp et a l ., 19?9) and hence this unit 
is at least as old as the oth^- supracrustal rocks. As a 
readily distinguishable unit within the stratigraphy, the 
Singelele gneiss provides a useful marker horizon, as does the 
banded magnetite quartzite, and it may be assumed that these 
units each formed continuous horizons prior to tectonism.
The thinly banded calc-silicate and marble units confirm 
the supracrustal nature of the major part of stratigraphy in the 
study area, and it is important to notice the steady increase in 
abundance of these lithologies towards the south-east, to the 
point where they predominate in the region around Tshipise 
(Figure 2). This suggests a changing environment of deposition
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f o r  t h e  s u p r a c r u s t a i s , w h e r e  a s u i t a b l e  s h a l l o w  w a t e r  m a r i n e  o r  
s h e l f  f a c i e s  o c c u p i e d  t h e  s o u t h - e a s t  r e g i o n  d u r i n g  s e d i m e n t a t i o n .  
H o w e v e r ,  t h e  q u a r t z i t e - b a n d e d  m a g n e t i t e  q u j r t z i t e - p y r o x e n i t i c  
a m p h i b o l i t e  a s s o c i a t i o n  i n  t h e  n o r t h - w e s t  o f  t h e  s t u d y  a r e a  
s u g g e s t s  a  d e e p e r  w a t e r  e n v i r o n m e n t  a l l o w i n g  t h e  a c c u m u l a t i o n  o f  
c h e r t s ,  t h i n  s h a l e s ,  a n d  v o l c a n i c  m a t e r i a l  a s  t h e  p r e c u r s o r s  o f  
t h e  p r e s e n t - d a y  l i t h o l o g i e s .  T h e  g a r n e t - c o r d i e r i t e - s i l l i m a n i t e  
m e t a p e l i t i c  g n e i s s e s  m a y  f a l l  i n  a n  i n t e r m e d i a t e  p o s i t i o n  b e t w e e n  
s h e l f  a n d  d e e p  w a t e r  f a c i e s ,  w h e r e  s h a l e s ,  g r e y w a c k e s  a n d  
t u r b i d i t e s  w o u l d  o c c u r .  I n  t h i s  w a y ,  i t  m a y  b e  c o n c l u d e d  t h a t
t h e  s u p r a c r u s t a l  l i t h o l o g i e s  i n c l u d e  a r a n g e  o f  p o s s i b l e  f a c i e s
t h a t  o c c u r  i n  i n t e r c o n t i n e n t a l  b a s i n s  o r  e u g e o s y n c l i n e s .
T h e  m e t a p y r o x e n i t e  a n d  s e r p e n t i n i t e  a r e  f o u n d  m a i n l y  i n  a 
z o n e  i n  t h e  n o r t h - w e s t  o f  t h e  s t u d y  a r e a .  T h e s e  u n i t s ,  le.isei; 
a n d  b o u d i n s  a r e  c o m m o n l y  a s s o c i a t e d  w i t h  t h e  q u a r t z i t e s  a n d  
p y r o x e n i t i c  a m p h i b o l i t e s ,  a n d  a p p e a r  t o  h a v e  b e l o n g e d  t o  a f o r m e r  
s i n g l e  s h e e t - l i k e  o r  s i l l  u n i t  c o n f o r m a b l e  w i t h  t h e  s t r a t i g r a p h y .  
T h u s  i t  i s  s u g g e s t e d  t h a t  a n  i g n e o u s  o r i g i n  i s  f e a s i b l e  f o r  t h e s e  
l i t h o l o g i e s  t h o u g h  n o  p r i m a r y  m a g n e t i c  s t r u c t u r e s  o r  t e x t u r e s  
w e r e  o b s e r v e d .  H o w e v e r ,  n o  s p e c i a l  r e l a t i o n s h i p  w a s  s e e n
b e t w e e n  t h e s e  r o c k  t y p e s  a n d  t h o s e  o f  t h e  M e s s i n a  L a y e r e d
I n t r u s i o n ,  a n d  i t  s e e m s  l i k e l y  t h a t  t h e y  a r e  u n r e l a t e d .  T h e  
g a b b r n i c  a n d  a n o r t h o s i t i c  g n e i s s e s  a l s o  f o r m  a c o n f o r m a b l e  s i l l -  
liki-j u n i t ,  a n d  a l t h o u g h  t h e s e  r o c k  t y p e s  m a y  h a v e  b e e n  i n t r u d e d
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at the sume time as the metapyroxenite and serpentinite, some 
3 270 m.y. ago (see Table 1), there is no evidence to place all 
of these rock types into c single suite.
In summary, therefore, the Precambrian lithologies in the 
area consist of a basement of grey banded granodioritic gneisses 
metamorphosed about 3 800 ,n. y. ago and intruded by ancient 
tholeiitic dykes, perhaps some 3 570 m.y. ago. Subsequently, 
a geosylclincil-type series of suprocrustol rocks or 1 c o v e r 1 were 
deposited at least partly on a ic crust, now basement
gneisses, a"H consisted of shallow water marine or shelf facies 
in the south-east characterized by carbonates •' marbles, 
cherts and calc-silicates. Transitional faci <ith ihales, 
greywackes and turbidites, now the metopelitic gornet-cordier.'. + e- 
sillimcnite gneiss, quartzo-feldspathic gneiss and the rhyolitic 
and/or o.'kosic precursor material of the Singelele gneiss.
Towards the north-west of the area, deeper water facies occurred 
containing cherts, shales, banded ironstones, and mafic volcanics 
which were probably continental basalts, and which now form the 
quartzi te-banded magnetite quartzite-pyroxenitic amphibolite 
association. Anorthositic and gabbroic gneisses of the Messina 
Layered Intrusion and probably also metapyroxenites and 
,erpentinites intruded the above lithologies at about 3 270 m.y. 
ago.
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CHAPTER 3: STRUCTURE
Introduction
The quality of the outcrop in „he study area and the 
complex interlayering, infolding, and lensing of the
stratigraphic units does not lend itself well to detailed
structural mapping. The 1 : 25 000 scale of mapping is 
suitable for revealing only the larger scale structures. A 
scale of 1 : 2 000 similar to that used by the Geology Department 
of the Messina Copper Mines in their excellent surface mapping 
reveals the structural complexity of the region. Even more 
detailed mapping of individual outcrops and well-exposed areas 
has been invaluable in studying the structural features of the 
terrene (see Fripp, 1981a-*c).
In this section, various large scale and small sc t
structural elements are discussed, and the field measurei "'M 
of structural attitudes presented.
Large scale structure
Large scale structures are most obvious in the north-west 
of the area (see Map 1 in rear p o c k e t ). Towards the south­
eastern portion of the area, the strata become progressively 
more attenuated in thickness and aligned to the regionally 
pervasive ENE trend of the Limpopo Mobile Belt as the Bosbokpoort 
Fault is at.proached (see Map 1 in rear pocket). South-east of
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this fault, younger Jurassic sediments and some volcanics of 
the Karoo Supergroup occur which have very gentle dips, less 
than 30°, to the north. These sediments are fault bounded 
to their north, and lap off to the south onto the Precambrian 
gneisses which again occur near the village of Tshipise (Figure
2). The Precambrian rocks within the study area have all been 
folded to very steep dips, over 60 , and typically are sub- 
vertical to vertical in attitude.
Mea* ements were made of the orientation of the planes 
defined by the 'foliation' or mineral banding in the gneisses, 
and by bedding where recognized, such as in the quartzite, 
banded magnetite quartzite, calc-silicate gneiss and marble.
The poles to these planes measured throughout the area have 
;een plotted in an equal area stereographic projection, and 
display a non-random distribution (Figure z.8). A great circle 
has been visually fitted to this distribution and represents a 
plane which strikes 116 and dips 35 N. The pole to this plane 
plunges 55° on a bearing of 206°, and is interpreted as the axis 
about which the above distribution has been dispersed, namely 
the overall fold axis for the area.
In addition, the above data have been divided into five 
selected areal domains (see Map 2 in rear pocket) on the basis 
that each contains an individual fold closure system. In 
this way, the fold axes for each of these domains were sought.
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Figure 28: Equal area stereographic projection showing the
orientation of bedding and mineral bonding planes measured in 
the study area: A: poles to bedding and mineral banding
planes (n=297); B: contoured data from A with contours at
1, 5 and 10 per cent intervals per 0,35 per cent area.
Solid circle is a pole to the visually fitted great circle 
and plunges about 55° on a bearing of about 210°.
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Domain I contains a fold closure in quartzites occurring 
in the eastern part of "arm Heuningfontein and the south­
western part of Farm Oorsprong (see Map 2 in rear pocket).
A thin anorthosite unit on the western part of Farm Boulogne 
also clearly reveals this structure and is included in the 
domain. Two thin parallel bonded magnetite quartzite units 
not more than 1 m in thickness occur within pyroxenitic 
amphibolItes folded around this closure. Owing to much 
boudincging of these units, no small closures were observed 
linking these two units. The dip directions of the quartzites 
around this closure and the symmetry of a minor fold exposed 
on its eastern flank indicate that the structure is caused by 
a synform whose hinge line plunges moderately to the south-west. 
Expanding this domain to the south-west reveals th existence 
of a basin-like structure, elliptical in outcrop and about 3 km 
by 10 km in size. Pol' > to mineral banding and bedding planes 
were used to define a great circle (Figure 29) whose pole plunges 
80° on an azimuth of 173 , and which probably reflects the fold 
axis of the synform within the domain.
Domain II contains a folded quartzite in the area around 
the junction of the Farms Heuningfontein, Oorsprong, Dover and 
Veenen (see Map 2 in rear pocket). In this area, a large 
serpentinite and metapyroxenite unit occurs, and this unit 
internally contains a folded quartzite unit. Close examination
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Figure 2(?: A: poles to bedding and mineral banding from
Domain I (see Map 2 in rear pocket) plotted on an equal area 
stereographic projection (np =35). Open circles are mineral 
lineation orientations (auartz rodding) in this domain (n|=2). 
B: contoured data from A with contours at 5, 10 and 15 per
cent intervals per 1 per cent area. Star symbol is the pole 
to the visually fitted dashed great circle.
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of this quartzite isolated within the serpentinite failed to 
reveal any fold closures within the quartzite, and this suggests 
that it does not represent an interference structure, but 
rather a boudin within the serpentinite. A 'f ol iation' within 
the serpentinite and metapyroxenite is accentuated by elongated 
orthopyroxene megacrysts, which follows the layering in the 
surrounding quartzites around the large scale fold closure.
Poles to bedding and this 1 foliation' cluster about a plane 
whose pole plunges about 60° on a bearing of about 206° (Figure 
30). The fold displays an overall 'S'-type or left-lateral 
symmetry.
Domain III lies in the northern part of the Farm Oorsprong 
(see "lap 2 in rear p o c k e t ) where the mineral banding of quartzo- 
feldspathic and other supracrustal gneisses reveal a fold 
closure. The symmetry and orientation of small scale parasi ic 
folds on this structure indicate that the closure is formed by 
the surface intersection of a southerly plunging antiform.
Pole measurements in this domain are dispersed about a plane, 
whose pole plunges about 60° on a bearing of 208° (Figure 31).
Domain IV occurs in the north-west of Form Randjesfontein 
(see Map 2 in rear pocket) and the closures in this area are 
clearly defined by a bonded magnetite quartzite as well as by 
thicker quartzites. The bonded magnetite quartzite reveals 
three fold closures in this region and suggests two stc jes of
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Figure 30: A: poles to bedding and mineral banding planes
(n =57), mineral lineations (open circles, n^=5) and minor 
fold Hinges (stars, n^=6) from Domain II ( see Map 2 in rear 
pocket) plotted on an equal area stereographic projection.
8: contoured data from A per 1 per cent area. The star is
the pole to the visually fitted dashed great circle.
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igure 31: A: poles to bedding and mineral banding planes
n =20), mineral lineations (open circles, n x =5) and minor 
o?d hinges (stars, n f=4) from Domain III (see Map 2 in rear 
ocket) plotted on an equal area stereographic projection.
. contoured data from A per 1 per cent area. The star is 
he pole to the visually fitted dashed great circle.
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fold closure producing a 1 refolded fold'. However, measurements 
of bedding and 'foliation' plane orientations give poles which 
define a plane that has a pole plunging about 50° on a bearing 
of about 230° (Figure 32).
Domain V contains fold closures affecting conformable units 
of quartzite and anorthosite on the Farm Mogdala (see Map 2 in 
rear pocket). These closures display a similar 'S'-type or 
left-lateral symmetry to those in Domain II. Measurements 
from this region define a plane whose pole plunges 60° on an 
azimuth of 235 (Figure 33). This indicates that these closures 
are produced by a synform-antiform pair which plunges to the 
south-west.
Further evidence for folding recognizable at the 1 : 25 000 
scale of the mapping is provided by the rootless folds affecting 
the bonded magnetite quartzite exposed in the southern part of 
Farm Chirundu (see Map 1 in rear pocket). This fold is 
characterized by an acute isoclinal interlimb angle of less 
than 5 , but appears to leave the bounding quartzites and other 
suprocrustol rocks unaffected. It is thus an intrafolial fold, 
and may represent the earliest stage of folding in this terrane. 
Also, the infolded suprocrustol rocks occurring along a central 
axis within the gabbroic and anorthositic gneisses in the north­
west of the study area (see Mep 1 in rear pocket) are themselves 
folded around the synform-antiform pair in Domain V, and again
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Figure 32: A: poles to bedding and mineral bonding planes
(np=23), mineral lineations (open circles, n^=3) and a minor 
fold hinge ( star) from Domain IV (see Map 2 in rear pocket) 
plotted on an equal area stereographic projection.
B: contoured data from A per 1 per cent area. The star is
the pole to the visually fitted dashed great circle.
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Figure 33: A: poles to bedding and mineral bonding planes
(np=24), a mineral lineat:on (open circle) and minor fold 
hinges (stars, nf =5) in Domain V (see Map 2 in rear pocket) 
plotted on an equal area stereographic projection.
B: contoured data from A per 1 per cent area. The star is
the pole to the visually fitted great circle.
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suggests at least two stages of fold closure in this region.
Small sca'.f structures
The structures described in this section are those 
observed within the scale of the outcrops and are often less 
than a few metres in size. Consequently they cannot be 
represented at the scale of the mapping.
The exposures of the basement gneisses preserved on the 
Farms Oorsprong and Middelbult (see Map 1 in rear pocket) 
exhibit structural and physical features similar to those 
exposed in the bed of the Sand River on the Form Veenen (Fripp, 
193 1a -c ) . The outcrops are typically eroded into smooth 
whale-backed pavements, and are thus immediately distinguishable 
from the other heterogeneous supracrustal gneisses which form 
dissected and irregular outcrops, and geneially are poorly 
exposed. Tight isoclinal folding of the mineral bonding, 
or ten only a few millimetres in thickness, occurs where these 
small folds are introfoliol and often do not appear to affect 
adjacent layers. Deformed mafic dykes transect the mineral 
banding of the grey gneisses, and only one age of dyke 
emplacement has been recognized in the outcrops within the study 
area on the basis of cross-cutting relationships. The dykes 
show cuspate boundary structures which are convex inwards into 
the dyke, suggesting that they were deformed under conditions
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where they had lower viscosities than the host basement gneisses. 
In addition, abundant leucocratic veins, which are often parallel 
to the i. ' leral banding, occur up to a few centimetres in 
thickness. Larger pegmatitic masses of predominantly fabric- 
free feldspar grains up to 2 cm in diameter invade the grey 
basement gneisses.
Minor or parasitic folds are observed throughout the area, 
and can be used to determinr orientation of larger scale
folding by considering their orief: cation and symmetry. The 
hinge lines of these s 1 folds plunge to the south-west, and 
give an average orientation which plunges about 50° on a bearing 
of z25 (Figure 34). This corresponds closely with those fold 
axes determined from the poles to bedding and mineral banding 
from the area as a whole and from the five selected Domains 
described earlier (^igures <.3 - 33). Minor fold hinges measured 
in each of the Domains are also plotted in stereographic 
projections for each of these areas (Figures 29 - 33) and also 
show good correlations with those fold axes determined from the 
pole plots.
The metapyroxenite and serpentinite units reveal a layered 
structure in many outcrops where thin ano parallel veins or 
layers of pyroxene up tc a few centimetres in thickness occur 
within more massive serpentine. This layering is also preserved 
on a microscopic scale (Figure 24). Poikiloblastxc megacrysts
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Figure 34: A: minor fold hinges and other linear structures
such as mineral lineations (n = 5 7 ) plotted on an equal area 
stereographic projection. 8: contoured data from A at 1, 5 
and 10 per cent intervals per 2 per cent area. The maximum 
plunges about 50° on a bearing of about 225°.
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of orthopyroxene ore also present in many outcrops and are 
commonly ellipsoidal in shape probably reflecting the strain 
suffered by the rocks. Their longest orientations parallel 
the regional 'f ol ia ti on 1 and thus produce a marked fabric in 
the rock.
Events of dyke development are widespread within the study 
area, and different ages are easily recognized by successive 
cross-cutting relationships. Dykes of melanocrotic, leucocratic 
and pegmatitic material can be found transecting both the 
basement and supracrustol lithologies. A locality on the Farm 
Kop jesfontein shows two ages of leucocratic dykes which cross­
cut a host rock transected by numerous small veins (Figure 35).
Figure 35: Two ages of leucocratic dyke cross-cutting a
pyroxenitic amphibolite contai ing leucocratic veins from the 
Farm Kop jesfontein (4,5 km east of the main Messina-Tshipise 
rood - see Map 1 in rear pocket). Note the xenolith of the
host rock within the younger dyke.
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Many mafic dyke types occur which include the less abundant 
deformed varieties which cut the basement gneisses, and younger 
diabase a. d dolerite varieties which are unmetamorphosed and 
free of any tectonic fabrics.
A post-tectonic dyke of possible Karoo age occurs on the 
Farm Kopjesfontein (4,5 km east of the main Messino-Tshipise 
road - see Map 1 in rear pocket) and preserves many interesting 
structures. Over a limited section of its length (about 250 m) 
it reaches a maximum thickness of over 40 m where it is 
distinctively and symmetrically zoned. Outer chill margins of 
fine groined basaltic rock between 1 and 2 m in thickness bound 
zones of coarser grained diabcsic rock from 10 to 11 m in 
thickness. The centre of the dyke is filled with a breccia 
of fine grained diabasic rock which contains fragments of the 
wall rock quartzo-feldspathic gneisses. This central zone of 
breccia is up to 18 m in thickness, and suggests that this 
locality in the dyke represents a vent or diatreme structure.
Boudinage in this terrene is widespread due to the 
considerable along strike extension that has accompanied the 
deformation and attenuation which has affected these rocks.
Some rock types are observed to boudinage more readily than 
others due to their higher viscosities at the time of deformation. 
These include the banded magnetite quartzite, metapyroxenite 
and serpentinite. The metapyroxenite and serpentinite form
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small boudins along strike typically within the quartzite units 
in the north and west of the study area. The bonded magnetite 
quartzite however, preserves early tight isoclinal folds within 
the individual boudins suggesting an earlier event during which 
this lithology behaved in a much more ductile fashion. Within 
the supracrustal gneisses, many small units are extensively and 
locally boudinaged making it impossible to trace them except 
over limited strike lengths. Thus many of the stratigraphic 
units i.r the supracrustal gneisses have lense-like forms.
-ate mylonitcs cf o .ew centimetres in thickness which 
cross-cut the mineral banding in the gneisses are locally 
present as for example on the Farm Oorsprong, although these 
structures are not traceable over strike lengths of more than 
a few metres. They are not folded, and usually contain abundant 
porphyroclasts of quartz and feldspar (Figure 36) making this 
rock type a blastomylonite.
Outcrops of Singelele gneiss on the Farm Ostend rarely 
show structures such as folds or boudinage, but have suffered 
a large degree of attenuation and flattening perpendicular to 
strike. However, thin mafic layers occur up to 1 or 2 cm in 
thickness which are cut by small shear zones (Figure 37). 
Displacements may be up to several centimetres, though the 
sense of movement varies from outcrop to outcrop. Mafic dykes 
are rarely seen to intrude this lithology.
Figure 36: A blastomylonite traversing a pyroxenitic
amphibolite on the Farm Oorsprong (l,3 km east of the main 
Messina-Tshipise road - see Map 1 in rear pocket).
Figure 37: Shear zones deforming thin mafic layers within
the Singelele-type granitoid gneiss on Farm Ostend (5,5 km 
east of the main Messina-Tshipise road - see Map 1 in rear 
p o c ke t) .
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Jointing is well developed in the quortzite units in the 
area causing their outcrops to be blocky and dissected. Some 
localities reveal both tension and shear jointing sets, and 
typically the line of intersection of these joints is sub­
vertical to vertical. This suggests that the maximum and 
minimum stress directions producing these joints lie in the 
horizontal plane. None of the observed joints are folded.
Both planar and linear mineral fabrics occur in the rocks 
due to deformed mineral grains of mainly sillimanite, amphibole, 
biotite and quartz. In many outcrops, the planar fabric or 
cleavage is very close in orientation to the gneissic 1 foliation1
defined by the mineral banding and causes difficulty in
recognizing primary features such as compositional bonding and 
bedding in these rocks.
Linear fabrics imposed by the alignment of prismatic 
mineral grains together with rodding and mullion structures 
generally plunge moderately to the south-west and correlate 
well with the hinge line orientations of both minor and large- 
scale folds in the area. Linear structure orientations are 
plotted together with fold hinges in a stereographic projection 
(Figure 34), and show a maximum which plunges about 50° on a
bearing of about 225°. In addition, linear structures measured
within each of the five selected Domains are also plotted in 
the individual stereographic projections for these Domains
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(Figures 29 - 33) where they also show good correlations with 
the orientations of minor fold hinge lines.
Faults
Two large regionally extensive faults occur within the 
study area and in fact mark the northern and southern boundaries 
of the area (see Map 1 in rear p o c k e t ). In the north, a major 
strike-slip fault called the Dowe-Tokwe Fault (Stihnge, 1946) 
has a displacement in a right-lateral sense (Figure 2).
Outcrops of fault breccia occur, though outcrop is generally 
poor in this region. The southern boundary is marked by the 
Bosbokpoort Fault (Stihnge, 1946), which is bounded on its 
southern side by Karoo-age s ed iments. These sediments are 
correlated with those of the Stormberg Group (Stihnge, 1946) 
and lap off onto the Precambrian gneisses further south near 
Tshipise (Figure 2). Thus the Karoo sedimentation has occurred 
in yoked basins controlled by faults. Large vertical displacements 
are indicated for this fault due to the juxtaposition of the 
Jurassic age Karoo sediments against the Archaean gneisses.
A fault of local extent also occurs centrally in the study 
area with a strike which is sub-parallel to the Dowe Tokwe Fault. 
Outcrops of highly silicified fault bieccia occur on the Farms 
Rand jesfontein, Trotsky and Middelbult (see Map 1 in rear pocket) 
and the fault appears to either terminate against the qu< rt zite
9 6
units in the west of the area, or to change orientation to 
parallel the stratigraphy in this area. On Farm Oorsprong, 
the stratigraphy appears to have been displaced by right-lateral 
shear in the vicinity of this fault, suggesting that the fault 
has the same sense of movement as the Dowe-Tokwe Fault. A 
pivotal fault parallels the main Messina-Tshipise road on the 
Forms Dover and Magdala (see Map 1 in the rear pocket) and 
breccia is exposed in some of the rood-cuttings. The eastern 
end of this fault displays a left-lateral displacement, marked 
by the thin anorthositic unit in this area, while the western 
end of the fault near the Sand River shows a right-lateral 
displacement (Fripp, 1 98 1 c ) .
Pi s c u s s i o n
The study area contains only limited exposures of the 
grey bcsement gneisses similar to those occurring in the type 
area, in tt e bed of the Sand River on the Form Veenen. These 
outcrops are not sufficiently definitive to prove any basement- 
cover relationships on structural evidence. However, the 
supracrustal gneisses within the study area show evidence for 
at least two and possibly even three phases of fold closure.
The two thin layers of banded magnetite quartzite occurring 
within a pyroxenitic amphibolite in the fold closure of Domain 
I (see Maps 1 and 2 in rear pocket) are probably the same unit
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simply duplicated by tight isoclinal folding. However, fold 
closures connecting the two thin units are not observed mainly 
due to the poor exposure and significant along-strike extension 
and boudinaging which has accompanied deformation in this region. 
Thus, two events of fold closure are interpreted within Domain I. 
The first event is represented by the tight isoclinal folds 
which duplicate the banded magnetite quortzite, while the second 
event produces the large scale closure revealed at the mapping 
scale. This second closure has a fold axis whic 'lunges to 
the south (Figure 29) at a steep angle. By x ending this 
Domain in a south-westerly direction, a basin-like structure 
of elliptical shape is revealed which suggests a possible third 
event of folding (see Map 2 in rear p o c k e t ). The structural 
style of Domain I is schematically illustrated in Figure 38.
Domain II is significant in that the serpentinite body 
which is folded by a synform/anti form pair which plunges 
moderately to the south-west (Figure 30) contains a folded 
boudin of quortzite (see Map 2 in rear p o c k e t ) . Thus the onset 
of flattening perpendicular to b e d di ng , with attendant thinning 
and boudinaging of the units, preceded the folding which 
produced the fold closures in this domain. This may also 
suggest two episodes of deformation, or more likely, a system 
of progressive deformation whereby the effect of strain 
accumulation, probably by simple shear, has rotated the rocks
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Q u a r t z i t e  w i t h  a 
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x e n o l x t h ).
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(if) is r e f o l d e d  
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D o m a i n  V :
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d o m a i n s  w i t h i n  t h e  s t u d y  a r e a  ( s e e  Map 2  i n  r e a r  p o c k e t ,  and  
t e x t  f o r  d i s c u s s i o n ) .
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from o field where bcu dinage occurs to one where folding is 
characteristic. Figure 38 illustrates schematically the style 
of the deformation in this domain.
The banded magnetite quartzite in Domain IV (see Map 2 
in rear pocket) may be regarded as displaying the geometry of 
a ’refolded fol d 1, and thus again, either records two discrete 
events of fold closure, or a progressive deformation situation 
whereby successive strain increments are added at differing 
o r ‘entations. By considering the eastward extension of this 
d magnetite quartzite unit, a tight rootless isoclinal 
jfclial fold terminates the unit on the Farm Chirundu. 
This rootless isocline does not appear to fold the adjacent 
gneisses and quartzites and is interpreted as being an earlier 
closure than those described as producing the refolded fold 
on this unit in Domain IV on Farm Randjesfontein. Figure 38 
shows schematically how a succession of three possible fold 
phases could have produced the outcrop pattern in this domain.
In addition, the bonded magnetite quartzite u n i t d throughout 
the study area commonly display tight isoclinal folds which 
developed probably synchronously with the rootless intrafolial 
fold described on Farm Chirundu. Thus during the earlier part 
of the deformational history of these units, they behaved in a 
ductile fashion, probably due to the development of recumbent 
or nappe-like structures following their deposition and rapid
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bu r i a l . Subsequent events have refolded these units in 
places, for example on Farm Randjesfontein, probably by 
simple shear, and more commonly boudinaged them into their 
present disposition.
Domain V provides clear evidence of at least two phases 
of folding (see Map 2 in rear pocket). The anorthosite 
contains infolded metasediments which can be observed in the 
Form Boschrand, and also in the main Messina-Tshipise road 
cutting on the Farm Dover. However, the anorthosite with 
these infolded paragneisses are again folded into the synfo-m- 
antiform pair of this domain, and is schematically illustrated 
in Figure 38.
From the above data, it appears that following any 
structural events which solely affected the basement gneisses 
prior to the deposition of the suprocrustal rocks (see Fiipp, 
1981a-c) the deformational history of the suprocrustal gneisses 
commenced with a phase of ductile isoclinal folding which in 
many outcrops is now manifest by intrafolial folds. This 
may be related to a process of rapid burial to great depth 
such as would be experienced in a large geosynclinu on an 
unstable and probably thin ciolic platform. Later, the stress 
field induced further refolding, considerable flattening, 
attenuation and along strike boudinaging of the stratigraphy 
probably by a process of simple shear. The symmetry of folds
in tho north-western portion of the study area suggests that 
this simple shear had a left-lateral sense of movement 
consequently producing the ' S ' - shaped ffIds.
An interpretive map of the study area has been prepared
at an approximate scale of 1 : 50 000 (see Map 2 in rear
pocket) on which the trends of various fold axial traces are 
marked. Also, a NW-SE cross-section of the area has been 
constructed from this m a p , and is shown in Figure 39. The
section line is marked on this map.
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Figure 39: A scheeatic croee-seciion of the study area with
a simplified and tentative sir atigraphic column. See Mop ? 
in real pocket for the location u. the section line. Ihe 
length of the cross-section is approximately 11 km with no 
vertical exaggeration.
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CHAPTER 4: THE MESSINA LAYERED INTRUSION
Introduc cion
AnorthositLc and gabbroic rocks are common in high-grade 
and poly-deformed Archaean terranes (Windley, 1973) and have 
been described in the Central Zone of the Limpopo Mobile Belt 
(Stihnge, 1946; Sdhnge et al ., 1948; Bahnemann, 1970, 1972;
Hor et a l ., 1975; Barton et al.. 1979a). They occur over a 
widespread region in the Limpopo belt (see Figure 1 of Barton 
et al ., 1979a - in rear p o c ke t) . The presence of relict 
cumulate textures and phase layered monnetitites and chromitites 
has provided convincing evidence of an igneous origin for these 
rocks. Barton et a l . (1979a) have argued that a tholeiitic 
magma may have been parental to these rocks in the Limpopo 
Mobile Belt on the basis of certain petrological trends revealed 
in a variety of Harker-type variation diagrams. Seme workers 
(e.g. Bahnemann, 1970) have suggested that in part at least, 
some of the anorthosites may have been derived from the partial 
melting and fusion of calcareous sediments with the extraction 
of granitic anatectic liquids leaving an anorthositic res id ue . 
This section presents additional evidence to support the 
cumulate nature of these rocks and the argument that these 
rocks are the result of a fractionating magma.
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Geological setting
The anorthositic and gabbroic rocks occurring in the 
Central Zone of the Limpopo Mobile Belt have been grouped 
together with various metapyroxenite and serpentinite units 
as the Messina Layered Intrusion (Barton et_ al . , 1979c).
They form a generally conformable and sill-like suite of 
rocks within the basement-supracrustal sequences of Archaean 
age which underlie the Central Zone of the Limpopo Mobile 
Belt. Two age determinations have been obtained for these 
rocks. A wiole-rock Pb-Pb isochron of about 3 270 m.y. is 
considered to reflect the time of emplacement ( B a r t o n , 1981) 
and a whole-rock Rb-5r isochron of about 3 150 m.y. with an 
initial 87Sr/8 6 Sr ratio of about 0,703 (Barton et q l . , 1979a) 
is considered to reflect a high-grade metamorphism. The 
rocks show abundant evidence of being deformed (Barton ej__2L"' 
1979a) and metamorphically recrystallised (Hor e_t _al-r 1975;, 
although primary structures and textures have been recognized. 
These latter features include units up to a metre in thickness 
which show both compositional and grain-size grading with the 
composition changing from more anorthositic types with 
labradorite (Ang Q ) to more gabbroic compositions with andesine 
(AnR0) in which clinopyroxene and hornblende become more 
abundant. Crystals grade in size and suggest upward fining 
cycles. Megocrysts of plagioclase up to 10 cm in size occur
r
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and have been regarded as cumulate crystals, and they get.er^lly 
occur in a matrix of smaller clinopyroxene, amphibole and 
plagioclase grains. These structures and textures have been 
described by jrton et a l . (1979a, see their Plates 1 and 2), 
although Hor et a l . (1975) describe textures which are 
essentially recrystallized. Th^ magnetites are titaniferous 
and occur in thin bands and lenses which show lateral 
impersistence. They are coarsely crystalline with grains up 
to 4 mm in size and are distinct from the finely laminated 
banded magnetite quartzites which occur in the suprocrustol 
successions. Stihnge et a l . (1948) describe these chromitites 
with strike lengths of several kilometres from within 
anorthositic horizons. Stihnge et a l . (1948; concluded that 
the magnetitites and chromitites represent phase layers within 
n fractionally crystallized magnetic and piutonic rock.
Compositional variation o f a ir it. sampled on Farm Shangani
A traverse across strike of an anorthositic and gabbroic 
unit of the Messina Layered Intrusion was made on the Farm 
Shangani about 4 km west of the main Messina-Tshipise rood - 
see Map 1 in rear pocket. Samples were collected for whole- 
rock and mineral analysis at approximately 100 m intervals 
along a farm road in this area. The observed physical and 
chemical data (Table 7) are presented in Figures 40 and 41 and
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1 2 3 4
5 6 7 8
SiO. 51,70 48,31 48,55 48,43
47,80 48,94 53,32 51,52
2
T10, 0,38 0,38 0,28 0,17
0,20 0,69 0.32 0,47
2
A1.0, 20,19 30,17 30,53
31,37 27,65 24,55 25,77 18,82
2 3 
F#_0, 7.C9 2,55 2,48 1,58
2.76 6,19 3,53 7,61
2 3 
MnO 0,14 0,05 0,04 0,04
0,04 0,07 0,04 0,10
MgO 5,53 1.10 0,93 0,53
2.37 3,56 1,71 6,90
CaO 11,36 14,89 14,48 15,14
16,37 13,99 9.80 11.10
No,0 2,50 l . M 2,33
2,02 1.42 1.34 3,64 2,24
2
K 0 0,74 0,28 0,27 0.25
0,27 0,67 0,90 0,73
2
P.O. 0,03 0,03 0,05
- - 0,02 0,04 0,09
2 5 
101 0,66 0,67 0,73
0,94 0,54 0,61 1.42 0,57
Total 100,32 100,56 100,67 100,47
99,42 100,63 100,49 100.15
Rb pp*. 16 6 3 6
5 16 25 14
Sr pp*. 172 176 187 177
160 142 188 333
Bo pp*. 360,0 29,6 23.0 32,4 71.1
96.4 157,0 98,3
K/Rb 463 467 900 417 540
419 360 521
Rb/Sr 0,09 0,03 0.02 0,03 0,03 0,11
0,13 0,04
quorti 0,91 1.76 0,50 1,68 1,19
2,34 3,40 0,94
corundu* - 0,29 0,28 - -
1,09
orthoclase <.37 1,66 1,60 I, <8 1.61
3,95 5,36 4,32
olbite 21,15 15,48 19,71 17.,6 12,14
11,31 31,02 18,96
onorthlte 41,65 73,22 71,21 75,30 68,98
58,79 48,68 39,13
dlopeide 7,56 0,16 - - 7.07
4,97 - 8.44
hedenbsrgite 4,25 0,16 - - 3,50
3,45 - 4,00
enetotlto 10,26 2.66 2.31 1,32 2.69
6,53 4,29 13,26
(errosilita 7,01 3,28 3,01 1,96 1.62
5.51 4,42 7,64
magnetite 2,06 0,83 0,72 0.47 0,81
1.79 1,04 2,20
ileenite 0,72 0,72 0,53 0,32 0,38 1.31
0,61 0,89
apatite 0,07 0,07 0,12 0,02 0,02
0,05 0,09 0,21
**n 66 83 78 81
85 84 61 64
1 to 6: onorthosltlc ond (.ohhrotc gn»ls«
(26-5-* to 26-5-F) )
I»oeplee collected ot equot Intervale 
o c r o n  itrike).
7i onorthosltlc ynelse (18-6-B) - For*
Veenen,
8t gobbrelc gneiss (30-1-20) - For*
Heunlngfonteln.
Analyst 1 P.O. Horrocks 
LOT - lose on Ignition 
Total Fe as Fe^O^
107
7 0 -
D EC FBA
9 0 -]
CL
E
o
cA B D E F
0 .8-1
0.7-
0.6 -
0 .3 -
A B C D E F
Figure 40: Variation diagrams for per cent normative total
feldspar, per cent normative anorthite, and per cent KgO for 
samples 26-5-A to 26-5-F of anorthositic and gabbroic gneiss 
from Farm Shangani (see Map 2 in rear pocket). Geochemical 
data are from Table 7.
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Fig jre 41: Variation diagrams for modified differentiation
and crystallization indices (M.D.I. and M.C.I. respectively), 
Rb, Si, MgO/Mg0+Fe^O + M n 0 , and No 0/K,.0 for the samples of 
cnorthositic and gabbroic gneiss from Farm Shongani as 
described in Figure 40.
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reveal the compositional symmetry of this unit. Marginal 
melanocratic varieties occur adjacent to the unit's north­
western and south-eastern boundaries and are enriched in I^O,
Rb and MgO with respect to the more leucocratic central portion 
of the unit. The central portion shows enrichment in 
normative anoithite, normative total feldspar proportion, ^ £ 0  
and Sr compared with the outer zones (Figures 40 and 41) and 
may be explained by mcgmatic differentiation. The modified 
differentiation and crystallization indices of von Gruenewaldt 
(1973) ere also plotted in Figure 41 and indicate that the 
earliest crystallized portion of the unit (i.e. that with the 
higher crystallization and lower differentiation indices) is 
the central variety. Here, the plagioclase also shows higher 
anorthite contents, of about An^^, compared with the marginal 
gabbros where anorthite content: of about An^^ are typical. 
Electron probe microanalyses of plagioclase from these samples 
(see Table 2.21, Appendix 2) correlate well with the normative 
values. These data indicate that plagioclase was a primary 
cumulate phase during the fractionation of the original magma 
of these rocks.
Pearce diagrams
The availability of seventy-five whole rock geochemical 
analyses of anorthositic and gabbroic gneisses of the Messina 
Layered Intrusion occurring in the Central Zone of the Limpopo
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Mobile Belt has enabled the use of Pearce-type petrological 
diagrams (Pearce, 1970) to' illustrate cumulate trends in these 
rocks. The data is available from several sources (Van Zyl, 
1950; Hor et a l ., 1975; Barton et a l ., 1979a; T.S.McCarthy, 
unpublished data) and these data have been used to plot a 
ternary An-Ab-Or diagram (Figure 42) of normative weight per 
cent values. A clear trend is indicated which varies from 
labradoritic compositions in the anorthositic rocks to those 
with significant albite and orthoclase from the more gabbroic 
varieties.
In the Pearce diagrams (Figures 43 and 44), K^O has been 
used to normalize the Pearce ratios since it does not form a 
constituent of the cumulate phase under consideration and by 
inspection was found to vary b> only small amounts in the 
analyses available. Thus Al^^^/K^O, Ca0/Kn0 (Figure 43) and 
N a 20 / K o0 (Figure 44) were plotted against SiO^/K^O in each case 
since Al^Og, CaO, N a 20 and Si02 are constituent oxides of 
plagioclase. In all cases, good positive linear relationships 
exist, particularly for those data points with SiC^/'^O ratios 
of more than 70. Straight line regression curves were fitted 
to the plots in Figure 43 fo those points with the Si02/ K 20 
ratio of more than 70 and correlation coefficients of better 
"„han 0,98 were obtained in both cases. The N o 20/K 20 plot 
(figure 44) shows a greater degree of scatter probably due to
AB OR
‘ igure 42: An Anorthite-Albite-Orthoclose (An-Ab-Or) ternary
diagram snowing 75 feldspar compositions (normative weight 
per cent) from arurthositic and gabbroic gneisses of the 
Messina Layered intrusion i,, the Central Zone jf the Limpopo 
Mobile Belt (data from: V m  Zyl, 1950; Hor et a l . . 1975;
Barton et a l ., 1^ /9a; and T.S. McC ar th y , unpublished data).
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Figure 40: Peorce diagrams for the anorthositic and gaubroic
gneisses of the Messina Layered Intrusion. Straight line 
regression equations and correlation coefficients are 
calculated for data with S i O ^ ^ O  ratios greater than 70.
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Figure 44: Pearce diagram for the anorthositic and gabbroic
gneisses of the Messina Layered Intrusion. The straight line 
is visually fitted and constrained to pass through the origin.
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the increased mobility of No under the metamorphic and anatectic 
conditions which these rocks have experienced during their post 
emplacement history (Horrocks, .1.980). A straight line was 
visually fitted to these data and constrained to pass through 
the origin. With the removal of a plagioclase cumulate from 
a pristine magma, thf; residual liquid would become depleted in 
those components which make up the plagioclase, and later 
cumulate crystals would be consequently also depleted in these 
components. Thus the relationship between the first formed 
cumulates, later cumulates and the evolution of the magmat.c 
liquid should be linear with respect to those components of the 
cumulate phase (Figure 45). In this way, the slopes of these 
Pearce plots may be used to determine the proportions of the 
various components in the cumulate phase, and hence its 
composition in a solid solution series. The slopes obtained 
from the Pearce diagrams (Figures 43 and 44) are as fol lo ws : 
from Nc^O/l^O versus SiO^/K^O : m ^  = 0,043
from CaO/K^O versus SiO^/K^O 
from Al^O^/K^O versus SiO^ /K^ O
m = 0,368 
Ca
m = 0,654 
A !
= 1,000 (trivial)and from SiO^/K^O versus SiO^/k^O 
These uata express the proportions of these constituent oxides 
in weight percentages, and may be converted to molecular 
proportions as follows:
m 1
. io5
molec.weight
x
t
X / 2
L t l t r  C u m u l *  I n
i  I n l t r c u m u l s l n
f i r s t  .
Cumutilr^ (** ph*t*)
S t i r l i n g  M a g m a
E r o l u t i o n  o t  tt>* 
M a g m a
Y /  Z
Figure 45: Schematic Pearce diagram showing the linear
relationship produced during fractionation between cumulates 
and the evolving magma.
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where the factor 10 /69 is used to normalize the values so
that the value for No is equal to 1. Thus:
"No
1,0
"Co *
9,5
m Al
= 9,3
m ’ . 
Si *
24,1
These values represenit the molecular proportions of the
constituent oxides (f'la2^
1, CaO, Ai o0 3 and SiOg) in the cumulus
phase, plagioclase, and from these values, it is possible to
subtract two molecules of albite to consume the Na.
2NaAlSi30 g = 1N o 20 + 1A120 3 + 6Si 0 2
leaving:
mNa
0
"Co =
9,5
m Al
8,3
mSi
s 18,1
If 8,3 molecules of anorthite are then subtracted to consume
the A J ^ O y
8,3CaAl03i 2°8
= 8,3Ca0 + 8,3A120 3 + 1 6, 6 S i 0 2
the remainder is:
mNa
0
mCa
1,2
'"Al
0
m Si
1,5
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This remaining CaO and SiO^ forms a minor proportion, and may 
be accounted for by the intercumulus clinopyroxene, hornblende 
and quartz which occurs in these rocks. Also, values with 
SiO^/K^O ratios of less than seventy appear to follow a line 
of less slope in Figure 43, which may signify the entrance of 
other cumulate phases, notably clinopyroxene and/or hornblende, 
during fractionation or the mixing with intercumulus phases.
Plagioclase consisting of two ports albite and 8,3 parts 
anorthite (on a molecular basis) has a composition of Ang^ 
and it is th'vs suggested that this represents the composition 
of the primary cumulate plagioclase which fractionated from 
the parental magma. Electron probe microanalyses of feldspars 
from samples of these anorthositic and gabbroic gneisses (see 
Table 2.21 - Appendix 2) support this result, since plagioclase 
from anorthositic gneiss and thus probably an earlier cumulate, 
have in fact compositions of about A n ^  while compositions 
from the more gabbroic varieties, and thus later cumulus/ 
intercumulus mixtures, vary down to about A n ^ .  These lower 
anorthite proportions may also be due to subsequent metamorphic 
effects such as the growth of metamorphic hornblende, or a 
re-equilibration of Ca between plagioclase and the mafic 
minerals.
Rb, Sr and K.O relationships
The variation between Rb and K.^0 and between Rb and Sr
ore shown in Figures 46 and 47 respectively, using data from 
Barton et a l . (1979a) for various anorthositic and gabbroic 
varieties. Linear trends are revealed between these components 
using logarithmic scales. The data reveal that these rocks 
have closely similar compositions to other anorthositic rocks 
reported around the world (see Duchesne and Demaiffe, 1978) 
and are enriched in K 0 relative to Rb when compared to the 
main trend of Shaw (1968) which describes the K-Rl fractionation 
in average magnetic rocks. Duchesne and Demaiffe (1978) 
concluded that this overall trend of K/Rb relationships in 
anorthosites and related rocks can be simply explained by 
fractional crystallization of liquids with variable K/Rb ratios, 
rather than by fractional crystallization of a unique liquid.
The linear trend with logarithmic axes between Rb and Sr 
also suggests that fractionation may explain the distribution 
of the data. Thus, the Raleigh fractionation law:
may be used to model the relationship revealed by these data. 
The Sr varies from about 100 ppm to over 300 ppm but the bulk 
of the data (about 80 per cent) range between about 150 ppm 
and 200 ppm (see Figure 47). Rb shows a wide variation from 
less than 2 ppm to about 50 ppm for the samples analysed 
(Figure 47). Assuming that a particular sample consists of
5.0
KaO 
‘ wt.56
Z
1
o - o
• "
0.5 • "
Rb ppm.
0 . 1
505 101
Figure 46: K^O versus Rb diagram for the anorthositic and
gabbroic gneisses of the Messina Layered Intrusion (data 
sources: solid circles, Barton et a1., 1979a; open circles,
Table 7 in this study). MT is the main trend of Shaw (1968) 
describing the K-Rb fractionation in average magmatic rocks.
S r
o •
100
10
101
Figure 47: Zr versus Rb diagram for the anorthcsitic and
rjabbroic gneisses of the Messina Layered Intrusion (see 
Figure 46 for data s ources).
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about 75 per cent cumulate and 25 per cent interstitial 
l iq ui d , then a parental magma with about 100 ppm Sr and a 
solid p ha s e , such as plagioclase cumulus with about 200 ppm 
Sr would generate a sample with about 175 ppm Sr. This value 
closely correlates with those values determined in samples 
presented in Table 7 and the data given by Barton et o l . (1979a). 
200 ppm Sr is a typical value for plagioclase, and thus suggests 
that the parental magma to the Messina Layered Intrusion 
contained Sr to the order of about 100 ppm. The distribution 
coefficient for Rb between plagioclase and a liquid is about 
0,1, thus a parental liquid with about 100 ppm Rb would 
fractionate plagioclase cumulates with about 10 ppm Rb. Thus 
a sample consisting of 75 per cent cumulate and 25 per cent 
interstitial liquid would contain about 33 ppm Rb. Then 
Raleigh 's law becomes:
100 . F0 '1- 1 '0
—  F
and the value of F which satisfies this relationship is about 
0,3, or about 70 per cent fractionation. Thus a parental 
magma which contains 100 opm Rb is not unreasonable for the 
Messina Layered Intrusion. However, typical tholeiites 
contain about 5 ppm Rb, and hence the contention of 3aiton 
et o l . (1979a) that the parental magma for the intrusion was 
tholeiitic is not entirely supported by this evidence. If 
the parental liquid contained only 50 ppm Rb (thus about 10
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times more than average tholeiitic l iquids), and a F value of 
about 0,28, (taking C () = 175 ppm Sr, and D = 1,5) would yield 
a value of 30 ppm Sr.
Alternatively, by considering the tectonic and metamorphic 
history experienced by these rocks, the admixture of anutectites 
in these rocks is a distinct possibility. If a cumulate 
plogioclose rock with 10 ppm Rb is mixed with a 200 ppm liquid 
for a typical onotectite in the proportion 75 per cent to 25 
per cent, then a sample with about 58 ppm Rb would result.
Also, a magmatic liquid with 100 ppm Rb, when mixed with this 
onotectite in the same proportions, would yield a liquid with 
125 ppm Rb, which in turn would fractionate cumulates with 
about 12,5 ppm Rb. All these values are consistent with the 
observed analytical data.
D i s c u s s i o n
The data presented here support the argument that the 
anorthositic and gabbroic rocks of the Messina Layered Intrusion 
are in fact of plutonic igneous origin. Pearce diagrams reveal 
a clear trend of plagioclase fractionation where the composition 
of the plagioclase cumulate was about A n ^ .  The gabbros form 
later differentiates with the inclusion of clinopyroxene and 
hornblende phases. Rb and Sr values are not consistent with 
those of typical tholeiitic parental liquids but show enrichment
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of Rb in amounts exceeding 50 ppm. Sr contents of about 
100 ppm are suggested for the parental magma. Raleigh's 
fractionation law indicates that about 70 per cent fractionation 
has occurred in these rocks. A tholeiitic parental liquid 
has been suggested for the Messina Layered Intrusion on the 
basis of Harker-type variation diagrams (see Table 2 and 
Figure 5 of Barton et a l ., 1979a, in rear pocket).
123
of Rb in amounts exceeding 50 ppm. Sr content? of about 
100 ppm are suggested for the parental magma, Raleigh's 
fractionation law indicates that about 70 per cent fractionation 
has occurred in these rocks. A tholeiitic parental liquid 
has been suggested for the Messina Layered Intrusion on the 
basis of Harker-type variation diagrams (see Table 2 and 
Figure 5 of Barton et. a 1., 1979a, in rear pccket).
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C H APTER 5: METAMORPHISM
Introduction
The availability of over 300 electron probe microanalyses 
of minerals made from samples collected in the study area (see 
Appendix 2) has allowed the application of certain experimental 
data together with various thermodynamic techniques in order 
to evaluate the physical parameters of the metamorphism which 
has affected the supracrustal paragneisses of the region.
These include the temperature and pressure of metamorphism, 
and the activity of water. A metamorphic study of the basement 
gneisses is presented in a complementary study (Fripp, 1981a-c). 
An attempt has been made to reconstruct %ne pressure-temperature 
field for these lithologies, and the PT pathway experienced by 
these rocks.
Various topics are considered below which utilize the 
mineral geochemical data (Appendix 2) obtained during this study.
Solubility of aluminium in orthopyroxene
It has been suggested that the solubility of A l n0^ in 
enstatite is in part dependent on the metamorphic grade 
(Anastosiou and Seifert, 1972). Orthopyroxenes analysed 
in this study contain about 1 per cent Al^O^ (Appendix 2,
Tables 2.16 - 2.20) in the pyroxenitic amphibolites (opx+cpx+ 
plag+hble+qz+ore-gar), about 3 per cent Al^O^ (Appendix 2,
125
Tables 2.13 - 2.15) in the garnet-bearing symplectites (gar+ 
opx+plag), and up to 7 per cent AlgOg (Appendix 2, Tables 2.7 
- 2.12) in the sapphirine-bearing varieties of the garnet- 
cordierite-sillimanit .• gneiss (gar+cord+sapph+sp+cor+plag+opx
+ b i o t + s i U ) .  These values are not particularly high when 
one considers that from the experimental data, well over 7 
per cent Al^Og can be accommodated in enstatite at temperatures 
around 1 000°C and at pressures of about 5 kbar. Using the
curves of Anastasiou and Seifert (1972, p.283) the variation
of 1 to 7 per cent A l ^  along a 5 kbar isobaric curve
(experimental data) gives a temperature range from about 800 C 
to 1 000°C respectively, although temperatures below 900 C 
were out of the experimental range.
It seems unlikely that metamorphic temperatures are solely 
responsible for this range in A ^ O ^  contents. It appears 
that host rock compositions, and the Fe content of the 
orthopyroxene (Holdaway, 1976) may effect more control on the 
A1 content of the pyroxenes. In the sapphirine rocks, free 
corundum and sillimanite occur, and it is logical that these
peraluminous lithologi.es should have orthopyroxenes with the
highest Al^O^ contents. The pyroxenitic amphibolites have 
hydrous phases in their mineralogy, and it is also possible 
that a high water partial pressure may play a role in 
suppressing Al from the enstatite molecule.
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Aluminium and titanium in i-.oi nhlvnJe
It has been shown that the A1 and Ti contents of 
hornblende may be related to metamorphic conditions <Raase, 
1974). The hornblendes studied by Raase were derived from 
regional metamorphic terranes varying from greenschist to 
granulite grade, and have enabled a curve to be defined whicn 
separates low-pressure from high-pressure hornblendes on the 
basis of their Al6+ and Si contents. The data collected 
during this study (Figure 48) fall mainly within the low- 
pressure field (less than 5 kbor) defined by Raase (1974), 
although the gedrite analysis and an analysis of a hornblende 
from a metapyroxenite occur in the high-pressure field. I ^
thus appears that host-rock composition (i.e. mineral 
paragenesis) is a major factor controlling the composition of 
hornblende, and not simply metamorphic conditions. The 
gedrite from the peraluminous sapphirine bearing rock shows 
the highest A1 content, and from textural evidence, probably 
formed at a later stage in the metamorphism after the peak of 
high grade conditions. Thus, according to R a a s e 's diagram, 
it should plot in lower pressure regions compared to the other 
hornblendes from the pyroxenitic omphibolitas which coexist 
with metamorphic orthopyroxene.
The distribution of Ti in hornblendes from different 
metamorphic grades has also been compiled by Raase (1974),
1 *
0 7
* 8
SI
Figure 48: A1 versus Si (ions) diagram for hornblendes
analysed from the study area. The 5 kbar line is c fter Raase 
(1974) and separates low pressure (below) from high pressure 
(above) hornblendss. A, pargasite; 8, edenite; C, actinolite; 
solid triangles, pyroxenitic omphibolites; solid diamond, 
metapyroxenite; open square, gedrite from the sapphirine 
bearing rock (sample no.2-8-12); open triangles, gabbroic and 
anorthositic gneisses of the Messina Layered Intrusion. All 
data are taken from Appendix 2 .
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who suggests that Ti contents increase with increasing 
metamorphic grade (Figure 49). The data obtained in this 
study are distributed over all the metamorphic grades of 
Raase's compilation, with the hornblendes from the pyroxenitic 
amphibolites having the highest Ti contents which correlate 
with other hornblendes occurring within hornblende granulite 
facies terranes. The data from anorthositic and gabbroic 
samples of the Messina Layered Intrusion correlate with lower 
amphibolite facies hornblendes, while the metapyroxenite and 
sapphirine-bearing samples yield hornblende compositions which 
correlation with greenschist-amphibolite transition varieties. 
These data again suggest a host-rock composition control on 
the composition of metamorphic hornblendes. As in the case 
of Al, therefore, the Ti contents of hornblendes are not 
good indicators of either P or T.
Parameters of metamorphism
Pressure, temperature and water activity are three 
equilibrium parameters which may be readily calculated for 
appropriate metamorphic mineral assemblages using standard 
thermodynamics principles (e.g. Wood and Fraser, 1976). The 
-application and results obtainec from data presented in this 
study (Appendix 2) of various geobarometers, geothermometers 
and other techniques are described in Appendix 3. The 
equilibria utilized are as follows:
no o f  a nalyse*
Figure 49: Ti contents of hornblendes from different
metomorphic grades, and for samples analysed in this study. 
Histograms A, B, C and D after Raase (1974) with: A, greenschist-
amphibolite transition; B, lower grade amphibolite facies;
C, higher grade amphibolite facies; D, hornblende granulite 
facies; and E, data from this study (Appendix 2) in which the 
symbols are as given in Figure 48.
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(1) Mg Si 0 = M92 Si2°6 . , .
opx solid solution cpx solid solution
(2) CoMgSiJO + Mg Si20 = C o M g S i ^  + M g ^ S i ^
Z cpx opx opx cpx
(3) Mg.Si^O + MgAloSi0^ = ^^3 '^2^^3^12
opx opx P/rope
<4) 5C a 3 A12 Si30 12 * M 9 2 Si2°6 =garnet opx
4lg Al 2Si30 - + CoMgAlgO^
garnet opx
(5) M g 2 Si206 + CaA l 2 Si20 8
opx plog
(T^9iAl0 5i3( ^2 + ■^Ca^Al<jSi^012)
+ 2SiO
? " 3 - 2 " 3 " l 2  solid soln,
2 qz
(6) s M g 3 Al 2Si30 . + C o F e Si206 =
pyrope hedenbergite
3f 9 3Ai 2 Sl3°12 almandine + Ca 9 Sl 2 6di0p sic!e
(7) Fe.Al.Si_0.. + KMg AlSi.O (OH)
3 " J almandine phlogopite
Mg3Al2Si3012 + KFe3AlSi3010(0H)2
pyrope annite
(8) 3(Mg,Fe) A1 Si50 = 2(Mg,Fe)3Al2 Si30 ^  +
cord garnet
4Al.SiO. + 5SiO.
2 sill qz
(9) C a A l 7 Si 0 g = C a A l 2Si06 + SiOg
anorthite C Ca-T schermak qz
(10) Ca.Mg Si.O (OH) = 2CaMgSi.O +
^ W ^  tremolite diopside
3MgSi06 + Si02 + H20
enstatite qz “ vapour
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Pressures can be determined from equilibria (3), (4), (o), (8) 
and (9) (Wood and B a n n o , 1973; Wood, 1974, 1977; Powell,
1978; Wells, 1979). Temperatures may be calculated from 
equilibria (l) , (2), (4), (6), (7), (8) and (9) (Currie, 1971; 
Hensen and Green, 1971, 1972, 1973; Wood and B a n n o , 1973,
RSheim and Green, 1974; Thompson, 1976; Holdaway and Lee,
1977; Wells, 1977; Wood, 1977; Ferry and Spear, 1978; Powell, 
1978; Ellis and Green, 1979; Wells, 1979) although equilibrium 
^9) in effect generates a P-T curve (Wood, 19/7). Water activity 
may be determined from equilibrium (10) (Fisher and Zen, 1971;
S.W. Richardson, pers. comm.). Thermodynamic data on mineral 
phases are tabulated by Robie et a l . (.1978) and Helgeson et g l . 
(1978), while the thermodynamic principles used in generating 
these methods are discussed by Wood and Fraser (19/6). Results 
from using these techniques are tabulated in Appendix 3, and 
presented graphically in the following sections according to 
lithology or rock-types.
Garnet-cordierite-sillimgnite gneiss
Analyses of feldspar, garnet, cordierite and biotite 
have been made rrom these metapelitic rocks and are presented 
in Appendix 2 (Tables 2.2 - 2.6). Two samples (21-7-F and 
21-7-G) were collected on the Farm Boschrand (see Map 2 in 
rear pocket) and petrographic observations indicate that the 
above minerals form typical reaction textures according to
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the following possible equilibria:
bio-ite + sillimanite + quartz = cordierite + garnet +
K-feldspar + H^O
cordierite = garnet + sillimanite + quartz 
The Fe-Mg solid-solution properties of garnet, cordierite and 
biotite have been studied to determine eir dependence on 
metamorphic conditions (e.g. for garnets, see Keesmann et_ al . , 
(1971) and various geothermometers and geobarometers have been 
derived. Mineral analyses obtained in this study show 
biotit es of intermediate Fe-Mg composition, garnets which 
are richer in almandine than pyrope, and cordierites with more 
magnesian than iron-rich compositions. However, the garnets 
display a compositional zoning from more pyrope-rich cores to 
more almandine-rich rims, and this zonation is discussed in
more detail later.
The pressure and temperature determinations using these
data are given in Appendix 3 (Tables 3.7, 3.8 and 3.9) and 
are graphically presented in Figures 50-51 and summarized in 
Table 8. Fe-Mg partitioning between coexisting garnet and 
biotite has yielded geothermometers (Thompson, 1976; Ferry 
and Spear, 1978). Ferry and Spear's thermometer gives higher 
temperatures by about 50°C, although 50°C is a realistic error 
in these determinations, and both techniques suggest temperatures 
between 700°C and 800°C for the equilibration of garnet and
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Figure 50: Pressure-temperature diagram for sample no.21-7-F
of garnet-cordierite-sillimanite gneiss (Farm Boschrand - see 
Map 2 in rear pocket) showing the results of the geothermometer 
and geobarometer calculations (see Appendix 3, Tables 3.7 to 
3.9). The curves are as follows:
1A: garnet-biotite thermometer of Thompson (1976);
IB: garnet-biotite thermometer of Ferry and Spear (1978);
2A: garnet-cordierite thermometer of Currie (1971);
23: garnet-cordierite thermometer of Thompson (1976);
2C: garnet-cordierite thermometer of Wells (1979);
2D: garnet-cordierite barometer of Wells (1979') for Fe end-members; 
2E: garnet-cordierite barometer of Wells (1979) for Mg end-members 
3A: two feldspar thermometer of Stormer and Whitney (1977) using;
sanidine-albite solid solution; and 
3 B : two-feldspar thermometer of Stormer and Whitney (1977) using 
microcline-albite solid solution.
Solid triangle is the garnet-cordierite intersection point using 
the method of Holdawcy and Lee (1977). Only results using 
garnet-rim compositions have been shown in this diagram, while 
the alumino-silicate stability fields are taken from Richardson 
et c l . (1969). The stippled area is the preferred field for 
coexisting garnet, biotite and cordierite.
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Figure 51 : Pressure-temperature diagram for sample no.21-7-G 
of garnet-cordierite-sillimanite gneiss (Farm Boschrand - see 
Map 2 in rear pocket) showing the results of the geothermometer 
and geobarometer calculations (see Appendix 3, Tables 3.7 and 
3.8). Curves and symbols are os designated in Figure 5 0  .
Only results using g a m e t - r i m  compositions have been shown in 
this diagram. T h ” stippled area is the preferred field for 
coexisting garnet, biotite and cordierite.
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biotite in these lithologies. The Fe-Mg partitioning between 
coexisting garnet and cordierite nas also allowed derivation 
of thermometers and barometers (Currie, 1971; Thompson, 1976; 
Holdaway and Lee, 1977; Wells, 1979). Good consistency 
between these methods suggest temperatures between 600 C and 
800°C at pressures between 6,5 kbar and 8,0 kbar for the 
stable equilibrium between coexisting garnet and cordierite.
Thus the high-grade metamorphism affecting the garnet- 
cordierite-sillimanite gneiss and which stabilized biotite, 
garnet and cordierite was characterized by pressure and 
temperature conditions indicated by the shaded areas of 
Figures 50-51, namely temperatures between 600 C and 800 C, 
and pressures between 6,5 kbar and 8,5 kbar.
Saoohirine-bearing rocks
The textural and petrographic evidence of the sapphirine- 
bearing varieties of the garnet-cordierite-sillimanite gneisses 
suggests a complex sequence of reactions involving garnet, 
cordierite, sapphirine, spinel and corundum (see Chapter 2).
Early formed garnet (more pyrope-rich ?) and corundum, formed 
during the peak of metamorphism, are separated by 'canals' of 
cordierite, sapphirine and spinel (see Figures 6 and 7) 
suggesting that sapphirine formed during later retrogression 
in the metamorphism. Mineral chemical data are presented in 
Appendix 2 (Tables 2.7 - 2.12). The garnet porphyroblasts
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are concentrically zoned and are approximately Fe-Mg solid 
solutions in which Ca and Mn comprise less than 2 per cent of 
the octahedrally coordinated cations as in the garnets occurring 
in the garnet-cordierite-sillimanite gneisses. The centres 
of the porphyroblasts approach A l m ^ P y ^ G r o s s ^  compositions, 
while steeper gradients towards more iron-rich compositions 
occur around the margins where compositions of A l m ^ P y ^ G r o s s ^  
ore typically obtained. The grossular content appears to be 
relatively constant from core to margin, while spessartine 
contents ore relatively negligible. The cordierite shows 
minimal zoning, and has Fe/Fe+Mg ratios of about 0,1. The 
spinel composition approaches S p i n e l ^ H e r c y n i t e ^  while the 
orthopyroxene is bronzite with contents of about 7 per
cent. Typical coexisting minerals from these rocks are plotted 
in a MgO+FeO - SiOg - Al^O^ ternary diagram (Figure 52). The 
upper stability limits of pyrope have been studied by Schreyer 
(1968) and of almondine-pyrope compositions by Keesmann et a l .
(1971) and their data suggest that the garnet cores were stable 
at temperatures exceeding 800^0 and pressures in excess of 
8 kbar. The zonation in the garnet, and the 'rims' of spinel, 
sapphirine and cordierite separating garnet and corundum 
suggest u reaction of the following form:
3(Mg,Fe)3 Al 2 Si30 12 + A A l ^  = (Mg, F e ^ A ^ S i ^  + 
garnet core corundum garnet rim
(Mg,Fe)2Al4 Si50 18 + 4(Mg, Fe) A l ^  + SiOg
cordierite spinel quartz >
Figure 52: A MgO+FeO - SiOg - AI2O 3 ternary diagram showing
the compositions of minerals from the sapphirine bearing variety 
of the garnet-cordierite-sillimanite gneiss. Solid square, 
garnet; open triangle, cordierite; solid triangle, sapphirine; 
open square, spinel; solid circle, corundum; solid diamond, 
biotite; open diamond, gedrite; open circle, orthopyroxene.
Tie lines join coexisting phases, while the dotted Line joins 
earlier formed garnet+corundum, now no longer in equilibrium.
139
where the garnet on the right-hand side of this reaction 
becomes more iron-rich in the presence of the magnesian phases 
of spinel and cordierite. The observation of sapphirine 
occurring along spinel-cordierite boundaries suggests that 
the sapphirine-forming reaction was as follows:
(Mg,Fe)2 Al4Si50 18 + 8 ( M g , F e ) A l ^  = 5(Mg, F e ^ A l ^ i O . Q
cordierite spinel sapphirine
This reaction is similar to that proposed by Seifert (1974, 
eqn.9), which produced orthopyroxene (Figure 53), according 
to the r e a ct io n :
cordierite + spinel = enstatite + sapphirine 
This reaction occurs between 3 and 4 kbor and between 765°C 
and 1 200°C (Figure 53). The invariant point of cordLerite+ 
enstatite+sapphirine+spinel+chlorite+H?0 is situated at 765°C 
and 3,8 kbar.
E*So MgO Sp AI2O3
Cofd«Sp
1000 1100 
—  TfC)
Figure 53: Experimental data for the reaction cord+sp = en+sa
( from Seifert, 1974)
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The bronzite occurring in these 1 ithologies was not 
observed to be directly related to the garnet-cordierite- 
sapphirine-spinel-corundum assemblage, and it occurs ir only 
small amounts in coexistence with garnet, cordierite and 
plagioclnse (Figure 8). Its presence may be limited by the 
availability of AlgO^, since in AlgO^ deficient compositions, 
hypersthene + sapphirine + cordierite - spinel assemblages 
would be stable (Seifert, 1974), while in Al^O^-rich 
environments, sapphirine replaces hypersthene to produce 
sapphirine + cordierite - spinel - corundum - sillimanite 
assemblages. The bronzitic orthopyroxene has an Al^C^ 
content greater than 7,5 per cent, and the work of A n a s .asiou 
and Seifert (1972) suggests that the Al-enstatite solvus occurs 
at temperature', over 1 000°C and at pressures less than 5 kbar.
The reaction of garnet with corundum described earlier 
produces quartz during this metamorphism, but no free quartz 
was observed in the sapphirine-bearing rocks under study.
This may be accounted for by considering the abundant quartz- 
rich veins and pegmatites which 'soak1 the surrounding terrane 
and which resulted during the extensive anatexis which has 
affected the region. Consideration of the whole-rock 
compositions of the sapphirine rock (Table 3) and its host 
( ga me t- co rd ie ri te -s il li ma ni te  gneiss) shows that the 
sapphirine rock is relatively depleted in SiO^, CaO, NogO and
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« 20, while enriched in MgO, FeO and A l ^ .  This supports 
the view thac these sopphirine-bearing assemblages represent 
metamorphic residua after the extraction of minimum melt 
granitic liquids (Clifford et a l ., 1975; Lai et a l ., 1973) 
and are not due to magnesium or aluminium metasomatism (e.g.
Robertson, 1977).
The lack of published thermodynamic data on sapphirine
precludes the direct calculation of P-T curves for the 
sopphirine-preducing reactions. However, other thermometers 
and barometers can be applied to certain phases in these 
assemblages, notably for coexisting garnet and cordierite, 
and garnet and phlogopitic biotite. Also, the presence of 
orthopyroxene allows the application of coexisting garnet 
and orthopyroxene methods. The results of these determinations 
are tabulated in Appendix 3 (Tables 3.3, 3.4, 3.7 ana 3.8) for 
sample nos. 2-8-12 and 11-8, and are presented graphically in 
Figures 54-55 and summarized in Table 9. P-T curves for 
coexisting garnet and phlogopite geothermometry are presented 
in Figures 54-55. However, for sample no.2-8-12, two sets 
of analytical data from two different laboratories are available 
(see Appendix 2 - Tables 2.8 and 2.9) and these sets of data 
yield distinctly different results (Figure 54). Those obtained 
using data from "he Cape Town laboratory suggest temperatures 
from 600°C to 650°C while the Witwatersrand laboratory data
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Figure 54: Pressure-temperature diagram for sample no.2-8-12 
of sapphirine bearing rock (Farm Randjesfontein - see Map 2 in 
rear pocket) showing the results of the geothermometer and 
geobarometer calculations (see Appendix 3, Tables 3.3, 3.4,
3.7 and 3.8). The curves are as follows:
1A: garnet-biotite thermometer of Thompson (1976) - UCT laboratory;
1 A ' : garnet-biotite thermometer of Thompson (1976) - WITS laboratory;
IB: garnet-biotite thermometer of Ferry and Spear (1978) - UCT;
I B 1: garnet-biotite thermometer of Ferry and Spear (1978) - WITS;
2A: gornet-cordierite thermometer of Currie (1971);
2B: garnet-cordierite thermometer of Thompson (1976);
2C: gornet-cordierite thermometer of Wells (1979);
2D: garnet-cordierite barometer of Wells (1979) for Fe end-members;
2E: garnet-cordierite barometer of Wells (1979) for Mg end-members.
Solid triangle is the garnet-cordierite intersection point using 
the method of Holdaway and Lee (1977). Only results using 
garnet-rim compositions have been shown in this diagram, while 
the alumino-silicate stability fields are taken from Richardson 
c t . a l . (1969). Stippled area is the preferred field for 
coexisting carnet, biotite and cordierite.
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Figure 55 : Pressure-temperature diagram for sample n o . 11-8 
of sappnirine bearing rock (Form Rand jesfontein - see Map 2 
in rear pocket) showing the results of geothermometer and 
geobarometer calculations (see Appendix 3, Tables 3.3, 3.4, 3.7 
and 3.8). The curves are as designated in Figure 54 , and, in 
addition, the f o l lo wi ng :
4A: coexisting garnet and orthopyroxene (Wood and Banro, 1973);
48: coexisting garnet and orthopyroxene (Wood, 1974); and
4C: c< existing garnet and orthopyroxene (Powell, 1978).
The ruled area is the preferred field of coexisting garnet 
and orthopyroxene. The stippled area is the preferred field 
for coexisting garnet, biotite and cordierite.
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suggest temperatures from 750 C to u25 C. However, the 
results with the lower temperatures fall in the field of 
kyanite (after Richardson et a l ., 1969), and since no kyanite 
has been recognized in any rock-types within the study area, 
should be regarded with caution. Coexisting garnet and 
cordierite yields both thermometers and barometers, and are 
shown in Figures 54-55. The thermometers of Thompson (1976) 
and Wells (1979) agiee with the temperatures for garnet- 
phlogopite pairs using the Cape Town data, but not with the 
higher temperatures using the data obtained with the ARL-SEMO 
instrument. However, thj gornet-cordierite thermometer of 
Currie (1971) is consistent with the higher temperatures 
close to 800 CC obtained from the higher temperature gornet- 
phlogopite thermometric data. G o m e t - c o r d i e r i t e  barometers 
of Wells (1979) are shown for Fe and Mg end-members and 
indicate pressures of about 8 kbar in both samples (Figures 
54-55). P-T curves for coexisting garnet and orthopyroxene 
define a large field (Figure 55) with temperatures from 750°C 
to 880°C and pressures from 7,5 kbar to 13 kbar, the latter 
yielded by sample no.11-8 only.
In summary, intersection of the above curves defines 
three fields in P-T space. Coexisting garnet, phlogopite 
and cordierite suggests two fields depending on the data 
source: from 575°C to 640°C and from 7,5 to 8,5 kbar (Cape
146
lown data - Cambridge Microscan 5), and from 740°C to 850°C 
and 7,5 kbar to 9,0 kbar (ARL-SEMQ, Wits instrument). In 
sample no. 11-8, coexisting garnet and orthopyroxene defines 
a field ranging from 75C°C to 8 5 0 'C and from 8 kbar to 12 kbar 
(Figure 55 - ruled a r e a ) . It is suggested that the P-T 
conditions which are post consistent for the entire assemblage 
of garnet-rim + cordierite + phlogopite + orthopyroxene (and 
probably also sappiurine + spinel) for the equilibrating phase 
of the metamorphism lie within 750°C and 850°C and close to 
8 kbar.
Garnet-orthopyroxene-olagioclose symplectite
The garnet-hypersthene-plagioclase rock (samples 2-8-10A 
and 2 - 8 - 1 0 B ) occurs on the Farm Randjesfontein (see Map 2 in 
rear pocket) and contains distinctive symplectitic corona 
textures. Garnet porphyroblasts are r 'mmed by an intergrowth 
of myrmekitic hypersthene in a plagioclase host (Figure 10; 
see also Horrocks, 1980, Fig.2). Leyreloup et a l . (1975) 
ascribed this texture to a retrograde transition from high- 
temperature high-pressure to high-temperature intermediata- 
pressure gronulite facies metamorphism probably due to uplift 
ot the lower crust with erosion. 1 he texture is produced by 
the r e a ct io n :
garnet (+ diopside-augite) + quartz = hypersthene + plagioclase
in the case of garnets rich in almondine (FeO/MgO >1), which 
is true for garnets of this lithology in the area under study. 
Garnets which are particularly rich in grossular, s ^  as in 
mafic granulites, are probably subject to the following reaction 
garnet + quartz = clinopyroxene + plagioclase 
In the Southern Marginal Zone of the Limpopo Mobile Belt 
south of the Soutpansberg mountains (Figure l ) , a similar 
texture has been descri' ^Van Reenen and Du Toit, 1978) frcr* 
'cordierite-garnet-hype sthene-b.i.otite g ra n u l i t e s 1, which may 
be correlative wi L the garnet-cordierite-sillimanite gneisses 
occurring in the s<-udy area. However, an important difference 
exists between the assemblage in the Southern Marginal Zone 
and the symplectite assemblage describt' fr.n the study area, 
in that the hypersthene is hosted n plagioclase, whereas the 
samples of Van Reenen and Du Toit show hypersthene hosted in 
cordierite. Although hypersthene-cordierite-biotite 
symplectites do occur in the study area (Figure 9) mainly in 
rocks which are also sapphirine bearing, it appears that the 
samples of Van Reenen and Du Toit (1978) contained sufficient 
MgO and FeO to produce cordierite rather than plagioclase, 
perhaps due to the enrichment of these components during 
anatexis. Also, the garnet is less calcic in the samples 
from the Southern Maiginai Zone suggesting a more pelitic 
composition. Tnus, Van Reenen and Du Toit (1978) considered
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the following r e a ct io n :
garnet + quartz = cordierite + hypersthene 
to have produced their symplectites. Alternatively, the 
presence of cordierite over plagioclase south of the Soutpansberg 
in this corona-forming reaction may suggest different metamorphic 
condiuions prevailed in the two r enions, whereby cordierite 
Has not reacted ant. equilibrated with phases such as spinel and 
sapphirine to take up MgO and FeO. The assemblages from Farm 
Rand jesfontein in the study area contain no free quartz, and 
the garnets appear to show relatively little compositional 
zoning. Thus quartz may have been entirely consumed during 
these reactions, or may have been lost during anatexis of the 
region. In places within the samples, no garnet remains, and 
-.n^y spnerical knots' of myrmekitic hypersthene in plagioclase 
occur suggesting the complete replacement of the garnet.
Calculations of the pressure and temperature conditions 
for these mineral assemblages are tabulated in Appendix 3 
(Tables 3.3, 3.4, 3.5, and 3.7) and are presented graphically 
in Figures 56a-d and summarized in Table 10. The use of 
different sets of analytical data reveals inconsistencies 
between these different methods (see Figures 56a-d) which may 
be due to either defective analytical data, or data from 
locations within mineral grains which are not in equilibrium.
The latter explanation is preferred, since although severe
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figure 56a: Pressure-temperature diagram for sample no.2-8-10A
of garnet-orthopyroxene-plagioclase symplectite (Farm 
Randjesfontein - see Map 2 in rear pocket) showing the results 
of the geothermometer and geobarometer calculations (Appendix 
3, Tables 3.3, 3.4, 3.5 and 3.7). The curves are as follows: 
4A: garnet-orthopyroxene barometer of Wood and Banno (1973);
48: garnet-orthopyroxene barometer of Wood (1974);
AC: garnet-orthopyroxene thermometer of Powell (1978); and
4D: garnet-orthopyroxene b rometer of Powell (1978).
Alumino-silicate stability fields are token from Richardson 
e t .a l . (1969).
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Figure 56b: Pressure-temperature diagram for sample no.2-8-10B 
of garnet-orthopyroxene-plagioclase symplectite (Farm 
Randjesfontein - see Map 2 in rear pocket) showing the results 
of the geothermometer and geobarometer calculations (Appendix 3, 
Tables 3.3, 3.4, 3.5 and 3.7). The curves are designated as 
in Figure 56a and in addition the following:
1A: garnet-biotite thermometer of Thompson (1976); and 
IB: garnet-biotite thermometer of Ferry and Spear (1973).
Only results using garnet-core compositions are shown in this 
diagram, and which were obtained from the UCT laboratory 
(Appendix 2, Table 2.14).
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Figure 56c: Pressure-temperature di.gram for sample no.2-8-10B
of garnet-orthopyroxene-plagioclase symplectite (Farm 
Randjesfontein - see Map 2 in rear pocket) showing the results 
of the geothermometer and geobarometer calculations (Appendix 
3, Tables 3.3, 3.4, 3.5 and 3.7). The curves are as 
designated in Figures 56a and 56b. Only results using garnet- 
rim compositions are shown in this diagram, and which were 
obtained from the UCT laboratory (Appendix 2, Table 2.14).
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Figure 5 6 d : Pressure-temperature diagram for sample no.2-8-10B
of garnet-orthopyroxene-plagiociose symplectite (Farm 
Rand jesfontein - see Map 2 in rear pocket) showing the results 
of the geothermometer and geobarometer calculations (Appendix 
3, Tobies 3.3, 3.4, 3.5 and 3.7). The curves are as 
designated in Figures 56a and 56b. Only results using the 
data from the WITS laboratory (Appendix 2, Table 2.15) are 
shown in this diagram. The ruled area is the preferred 
field of coexisting garnet, biotite and orthopyroxene.
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inconsistencies appear with the results for sample no.2 - 8 - 1(A 
(Figure 56a) consistent intersections of the different P-T 
curves occur with the application of the data obtained from 
the same laboratory for sample no.2-8-108 where only garnet- 
core compositions are used. Here, a P-T field from about 
550°C to 600°C and from about 6,0 kbar to 7,5 kbar is suggested 
for equilibrium between phlogopite, garnet-cores and hypersthene 
(see Figure 56b). However, data from the same laboratory 
(UCT - Cambridge Microscon 5) and for the same sample (no. 
2-8-10B) but usi only gornet-rim compositions (Figure 56c) 
again yields lorg^ inconsistencies between the different 
techniques. While temperatures are constrained to lie 
between about 600 °C and 700°C, the barometers give results 
ranging from less than 5 kbar to over 12 kbar. Thus, 
disequilibrium compositions rather than faulty data appear to 
produce these inconsistencies. The most reliable data, from 
analytical quality and equilibrium composition stand-points, 
give the results shown in Figure 56d using data from the WITS 
laboratory ( A R L - S E M Q )  for sample no.2-8-10B. A  field from 
about 575°C to 650°C and from 7 kbar to 9 kbar is indicated.
Garnet zongtion in the pelitic rock-types
S t u d i e s  o f  z o n i n g  i n  g a r n e t s  h a v e  b e e n  m a d e  t o  D e t e r m i n e  
h i s t o r i e s  o f  m e t a m o r p h i s m  i n  b o t h  r e g i o n a l  a n d  c o n t  ict 
m e t a m o r p h i c  t e r r e n e s  ( K r e t z ,  1973/ T r a c e y  e t  a l ., 197 5;
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Thompson et a l ., 1977; Berg, 1977). Zoning has also been
recognized in garnets from the gornet-cordierite-sillimanite
gneiss and its sopphirine-bearing varieties within the study
area, and to a lesser extent, in the garnet-orthopyroxene-
plagioclase symplectities. To illustrate these compositional
variations, over 150 microanalyses were completed on individual
garnet porphyroblasts from the above rock-types (see Appendix 2,
Tables 2.4, 2.10 and 2.15), and all garnet analyses obtained
in this study with the exception of those obtained from mafic
rock-types (167 analyses) are plotted in three Co+Mn - Fe^+ - Mg
ternary diagrams for each of the above pelitic lithologies
(Figures 57 - 59). Obvious compositional variation trends
are revealed for the g a m e  t-cordierite-sill imanite gneiss
(Figure 57) and sopphirine-bearing rock-type garnets (Figure
58) while the garnets from the symplectite show a relatively
p o u T- zonotion (Figure 59). Compositions vary from about
^■m54^ v 4 3^ r3 cores to Alm^Py^yGr,- rims in the garnet-cordierite-
sillimonite gneiss (Figure 57) for a garnet porphyroblast
about 1 cm in diameter, and few garnets exceed this dimension,
while many are smaller. The sopphirine-bearing variety (Figure
58) show more magnesian-rich cores of about A i m , . P y c.-,Gr_ with
41 57 2
rims of about A l m ^ P y ^ G r ^ .  Spessartine forms negligible 
amounts, usually not more than 1 or 2 per cent, and Mn is 
grouped with Ca in the ternary diagrams for clarity. Thus
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Ca + Mn
. ample no.
21- 7-1
Fe Mg
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rim core
Figure 57; Co+Mn - Fe - Mg ternary diagram showing the 
compositional variation of garnet from the core to rim of a 
garnet porphyroblast from a g a r n e t - c o r d i e r i t e - s i l l i m a m t e  gneiss
(sample no.21-7-G, Farm Boschrand - see Map 2 in rear pocket). 
Data from Appendix 2, Table 2.4.
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Figure 58: Co+Mn - - Mg ternary diagram showing the
compositional variation of garnet from the core to rim of a 
garnet porphyroblast from a sapphirine bearing rock (sample 
no.2-8-12, Farm Rand jesfontein - see Map 2 in rear pocket). 
Data from Appendix 2, Table 2.10.
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Figure j )\ Co+Mn - Fe - Mg ternary diagram showing the 
compositional variation of gornet from a garnet-orthopyro <ene- 
p 1 agioc j. ase symplecti te (sample no. 2-8-10B, Farm Rand jes^ ontein 
- see Map 2 in rear pocket). Data from Appendix 2, Table 2.15.
these garnets form near perfect Mg-Fe solid solutions and are 
ideal for the application of the various geothermometers and 
geobaromeuers that have been developed for Mg-Fe systems.
The garnet compositions in the symplectite (Figure 59) do not 
shew an obvious trend, but scatter about an approximate 
composition of A l m j - ^ P y ^ G r ^  anc* are thus much more calcic 
than the garnets occurring in the previous two varieties 
Also, this symplectite is piagioclose-bearing in contrast to 
other symplectites described from the Limpopo Mobile Belt 
(Van Reenen and Du Toit, 1978) which contain cordierite, again 
illustrating the more calcic nature of these symplectites 
occurring in the study region.
Figures 60 and 61 illustrate the garnet porphyroblasts 
studied from the garnet-cordierite-sillima.vite gneiss and 
sapphirine-bearing rock respectively, while Figures 62 and 03 
show the locations of the electron probe microanolyses. In 
the case of the g a m e t - c o r d i e r i t e - s i l l i m a n i t e  gneiss (sample 
no.2l-7-G, Figures 60 and 62), several cordierite analyses 
were obtained from areas immediately surrounding the garnet, 
and several biotites were also analysed, occurring both as 
inclusions within the garnet end as small grains outside the 
garnet. No phlogopites were observed within the garnet from 
the sapphirine-bearing rock (sample no.2-8-12, Figures 61 and 
63) that were suitable for analysis, but cordierites,
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Figure 60: Photomicrograph of the garnet porphyroblast from
a garnet-cordierite-sillimanite gneiss (sample no.21-7-0, Farm 
Boschrand - see Map 2 in rear pockec) used in the study of 
garnet zonation. The garnet has a diameter of about 1 cm.
Figure 61: Photomicrograph of the garnet porphyroblast from
the sapphirine bearing rock (sample no.2-8-12, Farm Randjesfontein 
- see Map 2 in rear pocket) used in the study of jarnet zonation. 
The garnet has a diameter of about 1 cm.
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Figure 62: Schematic representation of the garnet p o r p h yr ob 1ast
from a garnet-cordierite-siilimanite gneiss shown in Figure 60  
showing the locations of the electron probe microanalyses made 
on the garnet and adjacent minerals, including the biotite 
fragments. The arrowed location is the nearest to the 
geometrical centre of the grain - see text for discussion.
co: corumlum 
HI'! c.pinpl 
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Figure 63: Schematic representation of the garnet porphyroblas I
from the sapphirine bearing rock shown in Figure 61  showing the 
locations of the electron probe microanalyses made on the garnet 
and adjacent minerals.
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sapphirines and spinels were analysed from the regions
immediately adjacent to the garnet. Small corundum inclusions
occur within the garnet from the sapphirine-bearing rock, but
are in nil cases 'armoured1 from the garnet by a rim of
cordierite. Mole fraction data calculated from the structural
formulae of these analyses have been plotted and contoured
(Figures 64-66) and show similar compositional distributions
for both the garnet-cordierite-sillimanite gneiss and the
sapphirine-bearing variety. Figure 64 shows the distribution
of ferrous iron in the Ml octahedrally coordinated si+e in the
garnet molecule ( X ^ ) ,  and a brood plateau of values for this
mole fraction between 0,525 and 0,575 is revealed which covers
about 80 per cent of the garnet area. Steep gradients then
occur around the grain margins, with values approaching 0,675
Mladjacent to the grain boundaries. These highest X_ values
re
are only achieved where the g a n  at borders against cordierite* 
biotite+sillimonite assemblages, while where the garnet borders 
against quartz grains, values of only about 0,575 are typical. 
Thus, compositional profiles are dependent on adjacent 
assemblages on a microscopic scale, and the relevant mineral 
reactions between these phases. Figures 65-66 show similar 
patterns for the garnet porphyroblast examined from a 
sapphirine-bearing variety (sample no.2-8-12) with brood 
compositional plateaux covering most of the grain, and steep
CAR
Figure 64: Schematic diagram of the garnet porphyroblast from
a garnet-cordierite-sillimanite gneiss illustrated in Figures 60 
and 62, showing the compositional contours of the mole fraction 
of ferrous iron in the Ml octahedrally coordinated site of the
garnet molecule.
mm
Figure 65: Schematic diagram of the garnet p o r p h y r o b 1ast from
the sapphirine b' ring rock illustrated in Figures 61 and 63 
showing the compositional contours of the mole fraction of 
ferrous iron in the Ml octahedral!/ coordinated site of the
garnet molecule.
G A R
M G
Ml
mm.
Figure 6 6 : Schematic diagram of the garnet porphyroblast from
the sapphirine bearing rock illustrated in Figures 61 and 63 
showing the compositional contours of the mole fraction of 
magnesium in the Ml octahedrally coordinated site of the 
garnet molecule.
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gradients around the grain margin. Contours of and 
for the Ml site (Figures 65 and 66 respectively) display 
almost 'm i r ro r- im ag e ' patterns illustrating the binary Fe-Mg 
solid-solution character of these garnets. Core values of
X_ =0,425 and X_ =0,550 are typical, while rim values of
Fe Mg
X_ =0,500 and Xu =0,475 are characteristic.
Fe Mg
The data for the garnet studied in the garnet-cordierite- 
sillimonite gneiss (Figures 62 and 64) have also been plotted 
against the radius of the grain (Figure 67) whereby the 
positions of the individual analysis points were measured on 
a radius passing from the arrowed analysis point which is 
closest to the geometrical centre of the garnet section 
(Figure 62) out to the grain margin. Then the radius position 
of the analysis point was normalized to a value between 0 and 
1, such that at 0 the analysis point lies at this centre point, 
and at 1 the point lies on the grain boundary. Different 
mole fraction populations are plotted in Figure 67 and show 
clear trends varying from core (radius = 0) to margin (radius 
= l) which are extracted and plotted in Figure 68. The iron 
and magnesium mole fractions for the garnet show 'mirror- 
imo ge s 1 with almost constant values from the core to a radius 
value of about 0,75, while steeper opposed gradients appear 
towards the margins. This reflects the binary solid-solution 
between Mg and Fe in these garnets. However, a large scatter
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‘igure 67: Diagram showing the variation of mole fraction
rompositional data with increasing radius from the garnet 
30rphyroblast from a gar ne t- co rd ie r -.te~si] limanite gneiss 
Illustrated in Figures 60 and 62. The centre of the garnet 
_s at radius = 0 , while the garnet rim is at radius = 1 .
For values of radius greater than 1, ccrdierite+biotite+ 
sillimonite+quartz assemblages occur. Symbols are as f o l lo ws : 
mole fraction of ferrous iron in the Ml site of garnet; 
x, mole fraction of magnesium in the Ml site of garnet; 
open triangles, mole fraction of calcium in the Ml site of garnet; 
open diamonds, mole fraction of ferrous iron in the biotite molecule; 
and open squares, mole fraction of ferrous iron in the coxdierice 
molecule.
cord
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Figure 68: Schematic representation of the compositional
variation trends with radius of the data shown in Figure 67, 
from a garnet porphyroblast from a g a m e t - c o r d i e r i t e - s i  1 limanite 
gneiss (sample no.21-7-G, Form Boschrand - see Map 2 in rear 
pocket). See text for discussion on the selection of the curves.
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n tne data appears towards the margin (radius = l) due to the
fact that the zoning is not concentric about the grain centre,
o ut  d e f l e c t e d  n e a r  the grain margins depending on the adjacent
mineral assemblage (see Figure 64). The curves extracted in
Figure 68 ignore those data points taken from regions An the
garnet adjacent to quartz grains (lower r and higher
values) and use the data from points adjacent ,o mounding
cordierite-' .ring assemblages. This is valid since the
mineral equilibria calibrated by various geothermometers and
geobarometers involve these assemblages. X ^ ° r values showva
almost no variation from core to rim, while X^~Ct values followFe
a similar trend to that for X ^ ° r. X ^ ° L values for analysis
Fe Fe '
points outside the garnet (i.e. biotite flakes within cordierite) 
show a large scatter (see Figure 67 for radius values greater 
than l). Cordierite values outside the garnet show little 
variation with distance from the gcrnet margin (see Figures 
67 and 68).
The availability of these compositional data from a 
single grain enables the application of garnet-biotite 
geothermometers 'ithin the grain, and gornet-co'dierite 
geothermometers and gecbarometers nt the grain boundr y .
Thus a temperature profile may be constructed from the core 
to margin of this garnet grain (Figure 69). Temperatures 
for garnet-biotite pairs within the garnet were determined
6 00
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Figure 69: Results of temperature and pressure calculations
with increasing radius of the garnet porphyroblast illustrated 
in Figures 60 and 62, obtained by using the mole fraction data 
shown in Figures 67 and 68.
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using the methods of Thompson (1976) and Ferry and Spear (1978) 
taking mole fraction data directly from Figure 68. The data 
used in obtaining these values have all been recalculated to 
include on estimation of ferric iron in the garnet only (see 
Apoendix 2). The temperatures obtained by these methods show 
little variation from core to rim. Thompson's temperatures 
vary around 560°C, while F e r ’y and Spear's technique gives 
values about 20°C to 30 C higher for pressures from 5 kbar to 
7 kbar. These variations are all significantly less than 
the errors in the methods themselves (about - 50°C) and 
demonstrate an excellent consistency between these techniques. 
Garnet-cordieri te coexistence at the grain boundary allows 
temperatures (Thompson, 1976; Wells, 1979) jnd pressures 
(Wells, 1979) to be determined. Thompson's method gives 
a b o u . -40 C, and Wells' method gives about 530°C for pressures 
from 5 kbar to 7 kbar. Pressure determinations after Wells 
for a temperature of 530°C yield values of 7,3 kbar (Fe system) 
and 6,5 kbar (Mg system , and again very good correlations and 
consistency are obtained between the different techniques (see 
Figure 69).
These results indicate that the metamorphic event producing 
the zoned garnet was characterized by singular values of 
pressure and temperature. Thus, the gradual compositional 
variation from core to rim (as opposed to discrete overgrowths)
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is not a result of changing metamorphic conditions during the 
growth of the garnet, but appears to be relaxed to the 
distribution coefficients, and the availability of elements 
during the nucleation and growth of the mineral at a fixed 
temperature. Instead of retrograde conditions producing 
garnet with successively more iron-rich compositions, it 
appears that the availability of magnesium is reduced during 
the growth of the phase, probably suggesting that the solid- 
solid partition coefficient for Mg in garnet is greater than 
that for Fe. A study of the kinetics of garnet nucleation 
and growth by Kretz (1973) suggested that the growth of 
garnet may be represented by a function that is proportional 
to the surface area of the grain (as opposed to the radius or 
volume), and thus growth rates should not directly influence 
the composition of the garnet, since diffusion of elements 
must be constant at all points on the surface of a developing 
mineral phase at a particular time during the metamorphism.
Pvroxeni tic amphibolites
The mafic granulites which occur interbedded mainly with
the quartzites contain suitable assemblages for the application
of several geothermometers and geobarometers (opx+cpx+plag+qz-
gar). The results obtained using these methods are plotted
as P-T curves in Figures 70a-d and summarized in Table 11 for
sample nos. 27, X21395 and X21399 from the Farm Artonvilla, a
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Figure 70a: Pressure-temperature diagram for sample no.27 of
pyroxt '-.itic amphibolite (Farm Artonvilla - see Horrocks, 1975) 
showing the results of the geothermometer and geobarometer 
calculations (Appendix 3, Tables 3.1 - 3.6 and 3.14). The 
curves are as follows:
4A: garnet-orthopyroxene barometer of Wood and Banno (1973);
48: garnet-orthopyroxene barometer of Wood (1974);
4C: garnet-orthopyroxene thermometer of Powell (1978);
4D: garnet-orthopyroxene barometer of Wells (1979);
5A: garnet-c11nopyroxene thermometer of Raheim and Green (1974);
58: garnet-clinopyroxene thermometer of Ellis and Green (1979);
5C: garnet-clinopyroxene thermometer of Wells (1979);
6A: orthopyroxene-clinopyroxene thermometer of Wood and Banno (1973);
oB: orthopyroxene-clinopyroxene thermometer of Wells (1977);
60: orthopyroxene-clinopyroxene thermometer of Powell (1978); and
7: coexisting plagioclase+clinopyroxene+quartz (see Appendix 3,
Table 3.14).
Only results using garnet-core compositions are shown in this 
diagram. The a umino-silicate stability fields are taken from 
Richardson et.al. (1969). The shaded area is the preferred 
field for coexisting orthopyroxene, clinopyroxene, plagioclase, 
garnet and quartz.
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Figure 70b: Pressure temperature diagram for sample no.27 of
pyroxenitic amphibolite (Farm Artonvilla - see Horrocks, 1975) 
showing the results of the geothermometer and geobarometer 
calculations (Appendix 3, Tables 3.1 - 3.6 and 3.14 . The 
curves are as designated in Figure 70a. Only results using 
garnet-rim compositions are shown in this diagram, for curves 
4A-40 and 5A-5C. The shaded area is the preferred field for 
coexisting orthopyroxene, c li no py ro xe ne , plagioclase, garnet 
and quartz.
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Figure 70d: Pressure-temperature diagram for sample no.
X21399 of pyroxenitic amphibolite (Farm Artonvilla - see 
Horrocks, 1975) showing the results of the geothermometer and 
geobarometer calculations (Appendix 3, Tables 3.1 - 3.6 and 
3.14). The curves are as designated in Figure 70a.
1178
a
1
o
+J
•H
1
o
-Q
-C
as
O
4)
•H
C
4)
X
O
Ih
X
a .
w
o
u -
V)
f-4 •
3 z—X
V) m
4) X
Ih o
z—s
u «
o 10
x— _x
o
4) o
L Ih
3 Ih
4-» o
o X
Lt
4) o
a 4>
E 10
'U
-H 1
- o o
c z—1
0 hH
•H
>
Ih c
O o
-O +■>
-X H
<
4) E
L In
3 O
V) U.
IA
41 E
Ih O
a Ih
<*-
L_
o
8 :
4) 00
Cl ^4
c Cx|
a X
Ih
TJ
■o c
c a
a
m
> , O '
Ih n
o
E CN
E X
3
<Z)
X
(X
hH 10
f-H 4)
z-H
4) a .
f-H E
-O a
o <0
1 -
X N" Ox
#■4 X 0 O CO co O'
CN 'O O' CN CO -—4 -O 0 CO O
O' 00 00 CO — 1 CO X XO X X 1—H
O'
CO 1 1 1 1 1 1 1 1 1 1 1
^4
CN O' 0 O' O' fH N" CO XO CO 00X <$ m X sD CN 00 CN
00 00 CO X h-4 XO O XO X xO
hH
f—H
X 00 0 •>
CO O' O' f-4
00 00 00 f— 1
m
O' 1 1 1 1 1 1 1 1 1 1 1
CO
*-H 00 00 00 —t
CN O' C"' 'O
X X cc 00 X
X CO
N" —H X 0 CN 00 O' CO
h-4 X xO X 00 — 4 —H N- O'
00 00 O' CN X xO X 00 X 00
X 1 1
CN 1 1 1
Tf X 1—H CO 0 CN O 00 *—4 X 0
O m O' CO f—H O -H X
00 00 00 in 00 xO it XO X X f—4 O'
h-4
N x_x
HH
4) 4) 41 Ih C
c C c O 4)
4) 4) 4) 3 41
X X X CT Ih
<0 O O O + — x O
r—4 Ih Ih Ih e O'
a X X X c X  11
Ih O. a a 4) 4) 4) 4) 4) 4) 4) 4) O' C
4) O 0 0 C c C C c C c X H-4 O
C c c c 41 4) 4) 4) 4) 4) 4) O
•H •H •H •*H X X X X X X X Ih E
E r-H O 0 O O O O 0 X V) -H
O U u Ih Ih Ih Ih Ih H Ih a -4 4)at i + + X X X X X X X 0 h-4 _C
c $ 4) a a CL a a CL c 41 O
•H C C c 0 0 O 0 0 O •H 3  0C
-H 4) 4) 4) -C _C -C c c C f—4
10 X X X H-> ■H HH HH •H •-H • h4 O
•H O O 0 Ih Li Ih IH n-4 »—4 "—4 +
X Ih Ih L O O O O u O U 4) X  00
4) X X X + + + + + + + V) 0. h-
0 a. a a HJ -H H-> HH HH HH HH O
U 0 0 0 41 4) 41 41 4) 4) 4) f—4
_c _c -C C C C C C C C u
+j H-> HJ M Ih M Ih Ih Ih Ih 0
Ih u Ih O O O O O O O •r4
O 0 O at Ol O) Ol Ol Cl Ol OlO
—^4 CO
a X
O'
<—4
0
<u O ^t C
u  n h-H H—I CN CO CO It in xO O xO 1-4 C {-x
Ih ^ O X
3 .2 CO CO CO CO CO CO CO CO co CO CO 03 X
o 15 O'(0 ^ 4) 41 O 4) 4) O 4) 4) 4) 4) 41 "O r-l
H-t r-4 *—1 i-H *—4 — 4 *—4 1—4 "—4 h-4 i-4 c — -0 £ -Q _o _o J3 -O J3 ^3 -O J3 -O -O a
hh e- O 0 0 O 0 O O O O 0 0 M
5 5
t- I— H- I— H H h- 1— 1- L- H -O -4
O ~4
O 4)
3  3
O h4 ..
-^4 CN co N" in xO X 00 Ox "-4 -^4 •-H 0*1
H 1— 1— CL CL H* CL 1- 1— H CL H- H
£o
c<u 0)
-o O' c
C 0) 
O ' —  Q.
a
V) V) <t
r-H 4) 
4) (V 
3  V)
O  -t
 f— H—
mK
O'
ooIX
O'
o
C ^ -x  
00o O  rx 
(Xl M- Orx i-i 
J O' ^  
c  —IO X—-
<U3O
Cl
"O "O 0)
0 0 3
1  3  CL
-4- m  o  
Q_ CL H-
... «i.- -rp -• • f
portion of which was mapped earlier by the author (Horrocks,
197*)). Only samples 27 and X21399 contain garnet, and in the 
case of sample no.27, the garnet occurs in a micro-vein of 
quartz and not in direct coexistence with any pyroxene, so 
the methods relying on coexisting garnet and pyroxene will 
produce results that must be regarded with caution for this 
sample (Figures 7 0 a , b ) . The garnet in sample zl 399, however, 
coexists with clinopyroxene, orthopyroxene and plagioclase.
Temperature estimates using the methods of Wood and Banno 
(1973), Wells (1977) and Powell (1978) have been made for all 
three samples and give between 800 C and 900 C (see Table 11 
and Figures 70a-d). Coexisting garnet and clinopyroxene has 
been used to derive a geothermometer by three studies: RSheim
and Green (1974), Ellis and Green (1979) and Wells (19/9).
Using this approach in the case of sample 27, data from 
garnet core compositions (Figure 70a) and from garnet rim 
compositions (Figure 70b) yield two sets of results: garnet
core data give temperatures from 680 C to 820 C (figure 70a) 
while garnet rim data yield values from about 610 C to /20 C 
(Figure 70b). Results from data on sample X21390 (Figure 70d) 
using a garnet (small and unzoned) in direct coexistence with 
clinopyroxene, are between 630 C and / 4 J C and correlate with 
the results from «-jmple 27 using garnet rim values. Coexisting 
garnet and erthopyroxene has produced both a geothermot,dter
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(Powell, 1978) and geobarometers (Wood and Banno, 1973;
Wood, 1974; and Powell, 1978). These curves are consistent 
with the garnet-clinopyroxene curves in all the samples with 
the exception of that determined using Wood's (1974) equation 
which is inconsistent with any other method. The methods of 
Wood and Banno (1973) and Wood (1974) place much reliance on 
the accurate determination of aluminium site occupancy data 
in both tetrahedrolly and octahedrally coordinated positions. 
O'Hara and Yarwood (1978) have made a detailed comparison of 
these methods and shown large discrepancies in the pressure 
estimates. It is thus apparent that until a better 
understanding of aluminium solution in pyroxene and garnet 
is obtained, these methods are not reliable. However,
Powell (1978) calibrates his geothermometer and geobarometer 
using only the solution of Mg, F e ^  and Ca in octahedrally 
coordinated sites in both pyroxene and garnet. These date 
are more readily obtained with greater reliability, and 
Powell's methods appear to show greater consistency in this 
study. Thus, fields in P-T space where garnet+orthopyroxene+ 
clinopyroxene are stable for the different samples may be 
defined, and are shaded in Figures 70a-d. For sample 27 
temperatures from about 650 C to 800°C and pressures from 
about 5 kbar to 7kbar are suggested using garnet core 
compositions, while garnet rim compositions yield 600°C to
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700°C and 4 kbor to 8 kbar based on intersections between the 
different curves. This high pressure of up to 8 kbar can 
only be supported by reliance on Wood and Banno's (1973) 
geobarcmeter. For sample X21399 (Figure 7 0 d ), a field from 
650 C to 750°C ot about 10 kbar is defined, where the high 
pressure estimate again depends on wood and Banno's method.
By rejecting pressure estimates from the methods of Wood and 
Bcnno (1973) and Wood (1974), and placing greater credence to 
the temperature results from sample X21399, allows the 
definition of a P-T field for coexisting or+hopyroxene, 
clinopyroxene and garnet from 650 C to 750 C, and from 4 kbar 
to 6 kbor, which encompasses the greatest consistency between 
the most reliable methods. Coexisting plagioclase, 
clinopyroxene and quartz also allow the calculation of a P-T 
curve (see Appendix 3, Table 3.14) for the reaction anorthite 
= clinopyroxene+quartz, and results of this determination are 
plotted in Figures 70a-d. Since no plagioclase analysis is 
available for sample X21399, the plagioclase data from X21395 
was used to derive a curve for X21399 (Figure 70d). For 
these two samples (Figures 70a and /Gd) , the curves intersect 
with the orthopyroxene-clinopyroxene temperature lines to 
suggest a field of stability of orthopyroxene+clinopyroxene+ 
plagioclose+quartz which clearly show petrographic evidence 
of mutual coexistence and equilibrium from 800 C to 900 C and
from 7 kbar to 9  k b a r .  D a t a  f o r  s a m p l e  2 7  (Figures 70a and 
70b) suggest similar t e m p e r a t u r e s  b u t  a t  lower pressures of 
about 4 kbar. Owing t o  t h e  o b v i o u s  l a t e r  stage anatexis 
(quartz veiningy, the results from samples X21395 and X21399 
are preferred for their consistency.
In summary, P-T conditions interpreted from the data in 
Figures 70a-d suggest the orthopyroxene+clinopyroxene+ 
plagioclase+quartz assemblage equilibrated at about 850 C and 
8 kbar, while garnetiferous assemblages (oox+cpx+gar) 
equilibrated at about 700°C and 5 kbar, indicating that a 
metamorphic transition to lower grades initiated the growth 
of garnet.
Intrusive r o d s
Intrusive rocks, including serpentinites, metapyroxenites 
and the gabbros and anorthosites of the Messina Layered 
Intr-sion exhibit all of the deformations experienced by the 
supracrustal rocks (Hor et a l ., 19 5; Barton ?t a l ., 1979a) 
and contain metamorphic phases such as garnet (McLean, 1976) 
and sapphirine+kornerupine (Schreyer and Abraham, 1976).
Thus mineral analytical data from these rocks may hr used to 
estimate metamorphic parameters. Coexisting orthopyroxene 
and clinopyroxene in the metapyroxenite allows temperature 
estimates (Figure 71a) to be made using the methods vf Wood 
and Banno (1973), Wells (1977) and Powell (1973). Results
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Figure 71a: Pressure-temperature diagram of sample no.20 of
metapyroxenite (Farm Artonvilla - see Korroc.ks, 1975) showing 
the results of the geothermometer calculations (Appendix 3,
Tables 3.1 and 3.2). The curves are as follows:
6A: orthopyroxene-clinopyroxene thermometer of Wood and Banno (1973);
6B: orthopyroxene-clinopyroxene thermometer of Wells (1977)/ and
6C: orthopyroxene-clinopyroxene thermometer of Powell (1978).
The alumino-silicate stability fields are taken from Richardson 
e t a l . (1969).
vary from about 700 C to 850 C depending on the method, and 
are in general agreement with temperature estimates made 
from the pyroxenitic amphibolite samples. Analytical data 
for coexisting plagioclase and clinopyroxene (+ quartz) in 
the gabbroic anorthosites enables the application of the 
anorthite = clinopyroxene+quartz technique to produce a P-T 
curve (see Appendix 3) for samples 26-5-A and 26-5-E which 
are shown in Figure 71b. These results for the metapyroxenite 
and gabbroic anorthosite do not uniquely define a P-T field. 
However, Barton et al. (1979a) proposed that these lithologies 
both formed part of the Messina Layered Intrusion, and are thus 
genetically related, both in time and space. Although direct 
spatial relationships between these rock-types could not be 
shown within the study area, intersection of the P-T curves 
given in Figures 71a and 71b suggest a P-T field of 700 °C to 
850°C and from about 7 kbor to 9 kbar. This field is in 
close agreement with fields defined by other lithologies.
Water activity
Suitable assemblages such as hornblende+orthopyroxene+ 
clinopyroxene+quartz enable the estimation of water activities 
in lithologies such as pyroxenitic amphibolite and metapyroxenite. 
Utilization of hydrothermal equilibrium data has allowed water 
activities of these rocks to be calculated (Appendix 3 - Table 
3.16), and they vary beteen 0 and 1. At 0, no water is present
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Figure 71b: Pressure-temperature diagram for samples of gabbroic 
gneiss from the Messina Layered Intrusion (sample nos. 26-5-A 
and 26-5-E, Farm Shangani - see Map 2 in rear pocket) showing 
the results of the thermodynamic calculation for coexisting 
plagioclase, clinopyroxene and quartz (Appendix 3, Table 3.14).
The curves are as follows:
7A: sample no.26-5-A using data from the UCT laboratory
(Appendix 2, Table 2.22);
78: sample no.26-5-E using UCT data (Appendix 2, Table 2.22); and
7C: sample no.26-5-A using data from the WITS laboratory
(Appendix 2, Table 2.23).
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in the fluid phase occurring with the other solid mineral 
phases, while at 1, wauer is t he  only fluid phase present in 
the system. Values determined in this study are all low, 
typically less than 0,1 and commcnly less than 0,01. Thus 
water comprised from 1 per cent to 10 per cent of the fluids 
present during the stabilization of these assemblages.
Typical values at about 800°C and 8 kbar for the pyroxeni c 
amphibolites vary from 1 per cent to 4 per cent, while for 
the metapyroxenite, about 5 per cent is typical. Touret 
(1971) made a similar study of migmatites and granulites in 
the basement of southern Norway, and recognized a sudden 
decrease in water partial pressure (at about 700°C - 800°C 
and 6 kbar to 8 kbar - about 20 to 30 km depth) in a 
transition from ampnibolites (Telemark area) to granulites 
(Gamble area). While all rocks contain late, water-rich 
and NaCl-bearing fluid inclusions in quartz, it was noted 
that only granulite facies rock contains inclusions rich in 
C 0 n . Thus the fluid phase during granulite metamorphism 
appears to be composed almost exclusively of C 0 ? . Touret 
(1971) concluded that the provenance of these fluids is most 
likely juvenile (degassing of the mantle) and related to thf 
synorogenic emplacement of mafic intrusives. These arguments 
are supported by the low water activities obtained for the 
granulites observed in the study area.
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The P-T field - o synthesis
The data and resc.Hs obtained from this study, and other 
workers (Chinner and Sweatman, 1968; Van Reenen and Du Toit,
1978; Fripp, 1981c) have been compiled in Figures 72 and 73 
which shows the P-T fields for the different lithologies 
examined within the study region. Except for fields C and 
D (see Figure 72), a broad path from granulite facies at about 
9 kbor and nearly 900 C to amphibolite facies at about 4 kbar 
and 650 C is defined. The assemblages which record the 
highest pressures and temperatures occu: in the pyroxenitic 
omphibolites, and consist of o rt ho py ro xe ne , clinopyroxene, 
piagioclase and quartz. This assemblage is typ ;cal of true 
mafic granulites (De Waard, 1965; Winkler, 1974). However 
results obtained from these lithologies using garnet show the 
lowest temperatures and pressures in the pathway. Clearly, 
the garnet appears to have formed at a later stage in the 
metamorphism and these are not therefore eclogitic assemblages.
Thus, the reaction studied by Green and Ringwood (1967) and 
which Winkler (1974) also used to subdivide the regional 
granulite facies of metamorphism for mafic ass em bl ag es : 
orthopyroxene + piagioclase s clinopyroxene + garnet + quartz 
must have moved to the left-hand side at an early stage during 
the metamorphism producing this field. Also, the presence 
of piagioclase precludes the garnet-bearing assemblage from
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The P-T field - a synthesis
The data and r es u l t s 'ob.ained from this study, and other
workers (Chinner and Sweatman, 1968; Van Reenen and Du Toit, 
1978; Friop, 1981c) have been compiled in Figures 72 and 73 
which shows the P-T fields for the different lithologies 
examined within the study region. Except for fields C and 
D (see figure 72), a broad path from granulite facies at about 
9 kbar and nearly 900°C to omphibolite facies at about 4 kbar 
and 650°C is definea. The assemblages which record the 
highest pressures and temperatures occur in the pyroxenitic 
amphibolites, and consist of orthopyroxene, clinopyroxene, 
plagioclase and quartz. This assemblage is typical of true 
mafic granulites (De Waard, -965; Winkler, 1974;. However 
results obtained from these lithologies using garnet show the 
lowest temperatures and pressures in the pathway. Cleanly, 
the garnet appears to have rormed at a later stage in the
metamorphism and these are not therefore eclogitic assemblages.
Thus, the reaction studied by Green and Ringwood (196/) and 
which Winkler (1974) also used to subdivide the regional 
granulite facies of metomorphiom for mafic assemblages: 
orthopyroxene + plagioclase = clinopyroxene + garnet + quart z 
must have moved to the left-hand side at an early stage during 
the metamorphism producing this field. Also, the presence 
of plagioclase precludes the garnet-bearing assemblage from
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Figure 72: P-T fields for the lithologies examined in the study
area:
A: garnet-cordiiirite-sillimanite gneiss (gar+biot+cord - Figures
50-51);
B: sapphirine bearing rock (gar+biot+cord+opx - Figures 54-55);
C: garnet-orthopyroxene-plagioclase symplectite (gor+biot+opx -
Figures 56a-d);
D: data from zoned garnet study from sample no.21-7-G (garnet-
cordierite-sillimanite gneiss, gar+biot+cord - Figure 69);
E: pyroxenitic amphibolite (opx+cpx+plag+qz - Figures 70 a - d );
F: pyroxenitic amphibolite (opx+cpx+gar - Figures 70 a - d ) ; and
G: metapyroxenite and gabbroic gneiss of the Messina Layered
Intrusion (opx+cpx+plag+qz - Figures 71 a , b ) .
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Figure 73: The P-T field for the high-grade metamorphism
affecting the Central Zone of the Limpopo Mobile Belt.
A: pathway for lithologies determined from this stu dy ;
B: pathway determined from basement units (Fripp, 1981c);
C: stability field of enstatite+kyonite+quartz assemblage
described from near Beit B r i d g e , Zimbabwe (Chinner and 
S weatman, 1968); and 
D: result for coexisting garnet+biotite+cordierite+orthopyroxene
from the Southern Marginal Zone of the Limpopo Mobile Belt 
(Van Reenen and Du Toit, 1978).
Geothermal gradients are calculated for crustal rocks, and the 
approximate depth scale is estimated assuming about 3,3 kbar/km. 
The Ab-Or-Oz-HgO solidus is after Luth e t . a l . (1964), the 
stability fields of the alumina-silicates is after Richardson 
e t . a l . (1969), and the subdivision of the granulite field is 
after Green and Ringwood (1967).
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being a high-pressure or eclogitic group. The garnet may 
have formed during a prograding reaction of the above type 
(i.e. the reaction moving to the right-hand side but has 
generally either been consumed, or has been partially consumed 
where preserved in samples from the study a r e a ) . Classical 
kelyphitic coronas of plagioclase about garnet are typical 
in hornblende-rich varieties of these mafic granulites (see 
Figures 13 and 14) and illustrate this consumption of garnet: 
hornblende + garnet + quartz = clinopyroxene + plagioclase + t^O. 
This has been described by De Waard (1965) as one of the 
reactions accounting for the disappearance of hydrous phases, 
such as amphibole, and the characteristic appearance of 
orthopyroxene, if the garnet is an almandine-pyrope solution 
with little or no grossular, and which is diagnostic of the 
entrance into granulite facies metamorphism. However, the 
garnets occurring in these mafic granulites all typically 
contain up to about 20 per cent grossular, s jgesting that 
clinopyroxene, and not orthopyroxene, appears on the right- 
hand side of the above reaction. A similar reaction has 
also been recognized in eclogitic rocks for high to intermediate 
pressure granulite transitions (Leyreloup et a 1 ., 1975) and 
which produces these kelyphitic textures. Their reaction 
has the following generalized form:
garnet + kelyphitoid = kelyphite
where, in the case of the samples from the study area, the 
kelyphitoid is predominantly hornblende, and the kelyphite is 
predominantly the coronas of plagioclase (see Figure 13).
The P-T fields of the garnet-cordierite-sillimanite 
gneiss (A of Figure 72), sapphirine-bear: , rock (B of Figure 
72) and the intrusive rocks (G of Figure 72) correlate 
closely with those of the pyroxenitic amphibolites (E and F 
of Figure 72) generally falling between the 'opx+cpx+plag+qz* 
and 1o p x +c px +g ar ' areas reflecting pressures of 7 to 8 kbar 
and temperatures between 700°C and 850°C. These results 
suggest a continuous progression of reactions equilibrating 
at successively lower temperatures and pressures following 
the peak in the metamorphic path. This path occurs within 
the sillimanite field defined by Richardson et o l . (1969) and 
follows closely along the sillimanite-kyanite transition 
boundary. This is notable since no kyanite was recognized 
in any of the samples collected within the study area. 
However, former kyanite has been reported to occur further 
north in Zimbabwe in the neighbourhood of Beitbridge (Chinner 
and Swe at ma n , 1968). Van Reenen and Du Toit (1978) also 
point out the need for careful identification to distinguish 
between kyanite and sillimanite. Abundant needles of 
sillimanite are characteristic of the pelitic lithologies, 
and some localities such as on the Farm Rand jesfontein (see
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Map 1 in rear pocket) show massive monominerallic sillimani te 
rocks, which suggest that the metamorphism affecting the 
study area drove all kyonite to sillimanite during a high to 
low pressure or low to high temperature transition. Chinner 
and Sweatman (1968) favoured the former and have suggested 
at least two stages of metamorphic recrystallization, where 
an earlier high pressure stage produced an enstatite+kyanite+ 
quartz assemblage. A later retrogression caused kyonite to 
transform to sillimanite, together with the production of 
cordierite and the consumption of quartz. This reaction may 
account for the lock of quartz, and the relatively minor 
amounts of orthopyroxene found in the symplectit es. However, 
the P-T field for the garnet-orthopyroxene-plagioclase 
symplectite, and that determined from the study on the garnet 
zoning in the g a m e t - c o r d i e r i t e - s i l l i m a n i t e  gneiss sample no.
21-7-G, fall well within the kyonite field as defined by 
Richardson et a l . (1969), and it appears that the temperatures 
deduced for these assemblages are too low (see C and D of 
Figure 72), Their pressure values are consistent with 
those obtained for the other pelitic units such as garnet- 
cordierite-sillimanite gneiss and sapphirine bearing rock, and 
higher temperatures would allow them to overlap with other 
fields defining the pathway described previously. This 
inconsistency in temperature is unlikely to be real since
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other data from samples 21-/-f and 21-7-G give results which 
fall within the above mentioned pathway (see Figures 50, 51 
and Field A of Figure 72) and may be caused by compositional 
irregularities, such as the lock of free quartz (e.g. in the 
symplectite), No and H o0 activities, or high Ti contents in 
biotite, which could cause deviations in the results. Hensen 
and Green (1973) show that in silica-d»ficient assemblages more 
iron-rich sapphirine remains stable o v®ry low temperatures, 
and thus the presence of this mir. .< these undersaturated
lithologies is not uniquely diagnostic of particular temperature 
regimes (see Seifert, 1974). Also, lines in F ace of
A L 0 _  solubility in enstatite (after Anastasiou a  a Seifert, 
1972) suggest much higher temperatures approaching 1 0 0 0 °C 
than the other thermodynamic data. This is again influenced 
by rock compositional factors (3,3 per cent A ^ O ^  in the 
symplecti e, and 7,5 per cent Al^Og sopphirine-bearing
rock). Also, Anastasiou and Sei fe rt ’s data are based on pure 
magnesian end-members, while Fe causes a drastic temperature 
lowering effect on the stability of enstatite (Holdaway, 1976). 
However, all the results from calculations using coexisting 
garnet and cordierite data fall within the garnet-cordierite 
stability field defined by Hensen and Green (1971, 1972, 1973).
Thus, it appears that the 'low t em p e r c t u r e 1 results 
generating Fields C and D in Figure 72 (garnet-orthopyrcxene-
1 9 4
plagioclase symplectite and zoned garnet data respectively) 
are misleading and spurious. The symplectite is a silica- 
deficient assemblage which contains garnet with appreciable 
grossular (Co) content. Thus disequilibrium conditions 
probably exist which do not allow the application of 
thermodynamic calibrations based on Fe-Mg systems only. The 
biotite compositions in the study of the zoned garnet from 
sample 21-7-G contain up to nearly 5 per cent TiC^ (see 
Appendix 2 - T ble 2.6, analyses nos. 5 and 19). Both 
Thompson (1976) and Ferry and Spear (1978) point out that 
such large T i O ? contents are not considered by their 
geothermometers, and probably explain the low temperatures 
achieved for these samples in this study.
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CHAPTER 6: CONCLUSIONS
The Precambrian lithologies in the study area consist of 
a basement of grey bonded granodioritic gneisses metamorphosed 
about 3 800 m.y. ago and intruded by ancient tholeiitic dykes 
about 3 570 m.y. ago (Barton ot a i ., 1977). Subsequently, a 
geosynclinal-type series of supracrustal recks or 'c o v e r 1 
were deposited at least partly on a thin sialic crust, and 
consisted of shallow water marine or shelf facies in the south­
east characterized by carbonates (now marbles), cherts and 
calc-silicates. Transitional facies with shales, greywackes 
and turbidites (now the metapelitic garnet-cordierite- 
sillimanite gneiss) and the rhyolitic and/or arkosic precursor 
of the Singelele Gneiss occur in t .entral portion of the 
study area. Towards the north- cst of the area, deeper 
water facies are present and probably represent cherts, mafic 
shales and/or volcanics (probably continental basalts) and 
bonded ironstones, which now form the quartzite-banded 
magnetite quartzite-pyroxenitic amphibolite association. In 
this way, it may be concluded that the supracrustal lithologies 
include a range of possible facies that occur in intercontinental 
basins or eugeosynclines. Anorthositic and gabbroic gneisses 
of the Messina Layered Intrusion, and probably also metapyroxenites 
and serpentinites intruded the above lithologies at about 
3 270 m.y. ago (Barton, 1981). Unmetamorphosed and undeformed
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mafic dykes intruded the area about 2 200 m.y. ago (Barton, 
1979).
Subsequent to any structural events solely affecting the 
basement gneisses prior to the deposition of the supracrustal 
rocks, the deformationa.l history of the supracrustal gneisses 
appears to have commenced with a phase of ductile isoclinal 
folding, which in many outcrops is now manifest by intrafolial 
folds. This may be related to a process of rapid burial to 
great depth such as would be experienced in a large geosyncline 
on an unstable and probably thin sialic platform. Later, the 
stress field induced further refolding, considerable flattening, 
attenuation and along-strike boudinaging of the stratigraphy 
probably by a process of simple shear. The asymmetry of folds 
in the north-western portion of the study area suggests that 
this simple shear had a left-lateral sense of movement 
consequently producing 'S'-shaped folds.
The data presented in this study support the view that 
the anorthositic and gabbroic rocks of the Messina Layered 
Intrusion are of plutonic igneous origin. Pearce diagrams 
reveal a clear trend of plagioclase fractionation where the 
composition of the plagioclase cumulate was about A n ^ .  The 
gabbros formed later differentiates with the crystallization 
of clinopyroxene and hornblende. The hornblende may have 
been metamorphically produced. Rb and Sr data suggest that
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the tholeiitic parental liquid was anomalously enriched in Rb 
probably in amounts exceeding 50 ppm, while Sr contents n  
about 100 ppm are suggested for the parental liquia.
Raleigh's fractionation law indicates that about 70 per cent 
fractionation occurred in these rocks.
The P-T fields for the different units examined in the 
study area define a broad region in P-7 space from about 9 kbar 
at 900°C to about 4 kbar at 650°C for the high-grade metamorphism. 
The assemblages which record the highest metamorphic conditions 
occur in the pyroxenitic amphibolites and consist of opx+cpx+ 
plag+qz. Garnet-bearing assemblages in both the mafic and 
politic lithologies record lower conditions, and are probably 
generated by a metomorphis,;, within the medium pressure granulite 
field. This contrasts with the view of Bahnemann (1972) who 
considered two metamorphic events: an earlier granulite facies
metamorphism, and a later amphibolite facies metamorphism ai 
about 2 600 m.y. (remobilization of the Singelele Gneiss).
An earlier high pressure granulite phase of the me^amorphism 
has been reported by other studies (Chinner and Sweatman, 1968; 
Fripp, 1981c) where conditions attained pressures in excess of 
12 kbar at temperatures above 800 C. Figure 73 shows a 
compilation of available data in order to deduce an overall 
metamorphic pathway for the units under study. The pathway 
apparent from this study of supracrustal lithologies is shown
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by arrow A from about 9 kbor ot 900°C to about 4 kbar at 650°C.
A complementary study to this which considers the basement 
lithologies of the Sand River Gneisses (Fripp, 1981c) has 
shown another pathway (arrow B, Figure 73) derived from using 
opx+cpx+plag+qz assemblages in the more anhydrous Sand River 
Gneisses and various deformed amphibolitic dykes which 
transect them. These data suggest a transition from high 
pressure granulites to intermediate pressure granulites, as 
defined by Green and Ringwood (1967) from about 13 kbar at 
800°C to 10 kbar at 900°C. This pathway makes a direct 
transition from the kyanite to sillimanite field, and is in 
close correlation with the field of en+ky+qz stability 
suggested by Chinner crd Sweotmon (1968) for the early high- 
pressure phase of the metamorphism (field C, Figure 73).
The result given by Van Reenen and Du Toit (1978) for a 
cord+gar+opx+biot assemblage occurring in the Southern 
Marginal Zone of the Limpopo Mobile Belt is in close agreement 
with results from similar assemblages examined in this study 
(point D, Figure 73) and all fall within Green and Ringwood's 
(1967) field of medium pressure granulites. All these results 
are within the field of melting for hydrous granitic 
compositions (after Luth ct a1 ., 1964).
Thus, a P-T pathway for these regions forms a loop from 
high-pressure high-temperature to lower pressure high-
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temperature conditions which encompass average crustal 
gee hermal gradients ranging from about 15 C/km for the early 
high pressure event, to about 3 5 ° C A m  for the later medium 
pressure event. These geotherms are typical for rocks that 
have undergone Archaean high-grade metamorphism and tectonism, 
and have been reported and discussed by several workers 
(Burke and Kidd, 1978; Drury, 1978; Bickle, 1978; England, 
1979). By assuming a relationship of about 3,3 kbor/km 
for sialic crustal rocks, approximate depths may be estimated 
for the high-grade metamorphism. The early high-pressure 
phase suggests burial to about 40 km while subsequent uplift 
by either tectonic or erosional means to depths of abo 't 15 km, 
or pressures of about 4 kbar, produced medium pressure 
granulites av fairly constant temperatures. A similar P-T 
loop has been proposed by O'Hara (1977) for granulites and 
migmatities belonging to the Scourie Gneiss Complex of north­
western Scotland (Figure 74). An initial high-grade 'peak' 
of metamorphism was followed by a slower fall off in grade 
whereby pressure decreases faster than temperature. During 
the peak, the rocks were subjected to burial into the deep 
regions of the lower crust, where zones of melting and 
depleted residues after anctexis have been suggested 
(Moorbath, 1975; see Figure 75).
O'Hara (1977) was able to correlate events along his
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Figure 74: Metamorphic conditions with time for the Scourie
Gneiss Complex in north-western Scotland (after O'Hara, 1977): 
a) temperature-time diagram; b) pressure-time diagram; and 
c) P-T loop for the high-grade metamorphism.
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Figure 75: Schematic diagram of geochemical differentiation
and production of compositional layering within a 30 - 40 km 
thick portion of sialic crust, with the formation of granitic 
diapirs (after Moorbath, 1975).
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P-T loop for the Scourie rocks with geochronologically 
defined events (Figure 74) and thus suggest a P-T-time path 
for the metamorphism. The availability of geochronological 
doca for the Limpopo Mobile Belt allows a similar P-T-time 
path (Figure 76) to be suggested for the study area. The 
supracrustal lithologies were deposited sometime between the 
intrusion of about 3 570 m.y. old mafic dykes (Barton e t a 1., 
1977) and the intrusion of the Messina Layered Intrusion 
(Barton, 1981) at about 3 270 m.y. ago. The resetting of 
the Rb-Sr isotopic ratios in the Messina Layered Intrusion 
at about 3 150 m.y. ago probably reflects the 'peak' of the 
high-grade metamorphism. Thus, the lithologies experienced 
burial to depths of about 40 km over a period of about 200 
to 300 m.y. During the subsequent excavation of the units 
and lowering pressures, onatexis proceeded. The intrusion 
of the Bulai Gneiss (or remobilization) occurred about 2 700 
m.y. ago (Barton et a l ., 1979b) and the Singelele Gneiss has 
yielded metamorphic ages at about 2 600 m.y. ago (Barton et a l ., 
1979b). The intrus ion of a fabric-free and undeformed mafic 
dyke about 2 200 m.y. ago (Barton, 1979) implies that the 
high-grade metamorphism had ended by that time. Thus, the 
units experienced uplift from about 40 km to nearly 15 km of 
depth in a period of about 900 m.y. i.e. an uplift rate of 
about 0,03 mm/yr. This rate is very slow when compared with
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Figure 76: Schematic pressure-temperature diagram showing a
P-T loop with time for the high-grade metamorphism affecting 
the Central Zone of +he Limpopo Mobile Belt. The stipplea 
area represents that portion of the loop obtained from this 
study. Higher pressure portions of the loop are based on 
data from Chinner and Sweatman (1968^ and Fripp (1981C). See 
text for a discussion of the ages.
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uplift rates for modern mountain belts (e.g. about Imm/yr for 
the Alps), but uplift rates may have been highly variable 
during the history of the excavation of the Limpopo rocks.
The metamorphic, tectonic and geochronolojical events affecting 
the supracrustal units in the study area are summarized in 
Table 12.
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APPENDIX 1: ANALYTICAL TECHNIQUES
Whole-rock gnolysis
Whole-rock analysis in this study was undertaken using 
X-ray fluorescence techniques in the Department of Geology, 
University of the Witwatersrand. The large grain size of 
many of the rock-types analyzed meant that samples exceeding 
5 kg in weight were collected with care being taken to avoid 
cross-cutting veins c .gmatites. Both crushed chips and 
powders from these samples were thoroughly mixed during the 
sample preparati to ensure representative samples. The 
major and minor elements were analysed using the fusion method 
of Norrish and Hutton (1969), while sodium and trace elements 
were determined on whole-rock pellets. Tn the case of trace 
element deteimjnation, mass absorption corrections were applied 
whereby a calculated value was used for Ba using the Tables 
cf Birks (1963), and the Compton peck method for Rb and Sr 
(Reynolds, 1967). Information pertaining to the accuracy 
and precision of the analytical method is given by McCarthy 
(1976). For a more complete description of the analytical 
method and instrumental conditions, the reader is referred to 
McCarthy (1977).
Electron probe microanolysis
Mineral analyses (presented in Appendix 2) were obtained
1.2
from two l a b or at or ie s : the Department of Geochemistry at the
University of Cape Town (UCT) which uses a Cambridge Microscan 
5 instrument, and the Department of Geology at the University 
of the Witwatersrand (WITS) which uses an ARL-SEMQ instrument. 
Both laboratories utilize similar procedures. The WITS 
laboratory operates with a 15 kV accelerating potential which 
generates a focused electron beam between 3 and 5 microns in 
diameter and produces a specimen current of 0,05 micro-amps 
on brass. On-line data reduction makes use of correction 
factors tabulated by Albee and Ray (1970). Both natural and 
synthetic standards were used (see Table 1.1 for those used 
in the WITS laboratory) and relative errors on all elements 
are routinely within 2 per cent. For further more detailed 
description of the analytical technique, see Davies (in prep.).
1.3
Table 1.1; Mineral standards used during electron-probe 
micro-analysis at the Department of Geology, University of 
the Witwgtersrand
Element pyroxene
amphiboles
micas
■ ■ ■
garnets
c o r d i e n t e s
spinels
sopphirines
plagioclascs
Si Wakefield
diopside
spessartine spessartine Hakoni
anorthite
Ti Obergaarten
ilmenite
Obergaarten
ilmenite
Obergaarten
ilmenite
Obergaarten
ilmenite
A1 ferric glass 
(s y n .)
spessartine spinel
(syn.)
Hakoni
anorthite
Fe2+ ferric glass 
(syn.)
ferric glass 
(syn.)
grunerite ferric glass 
(syn.)
Mn rhodonite spessartine spinel 
(syn.)
-
Mg Wakefield
diopside
Wakefield
diopside
spinel 
(syn.)
-
Ca Wakefield
diopside
Wakefield
diopside
spinel
(syn.)
Hakoni
anorthite
Na Hawk
oligoclase
Hawk
oligoclase
- Hawk
oligoclase
K sanidine sanidine sanidine sanidine
(syn.) = synthetic
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APPENDIX 2: ELECTRON PROBE ANALYTICAL DATA
I n t r o d u c t i o n
Over 300 mineral analyses have been obtained in this 
study of feldspars, micas, amphiboles, pyroxenes, garnets, 
cordierites, sapphirines, and spinels. Two instruments were 
used to obtain these data: a Cambridge Microscan 5 in the 
Department of Geochemistry at the University of Cape Town, 
and an ARL-SEMQ in the Department of Geology at the University 
of the Witwatersrand. Good consistency was obtained between 
these two instruments.
The data are presented in computer generated Tables 
according to the rock-type and instrument. Rock types that 
were selected for study include the gornet-cordierite- 
sillimanite gneiss together with the sapphirme and symplectite 
varieties, pyroxenitic amphibolite, metapyroxenite and gabbroic 
and anorthositic gneiss from the Messina Layered Intrusion.
The Tables also present certain compositional, mole fraction 
and activity parameters pertinent to certain minerals as 
outlined in the succeeding sections. Ferric iron is estimated 
for amphibole, pyroxene and garnet, and recalculated analyses 
for these minerals are included in the Tables adjacent to the 
ferric-free versions. A summary chart is included and precedes 
the Tables. This chart provide:, a key to the Tables, and 
should be consulted to determine rock-type, number of analyses
2.2
a n d  o t h e r  d e t a i l s  c o n c e r n i n g  t h e  d a t a .
F e l d s p a r
F e l d s p a r s  a r e  r e c a l c u l a t e d  i n t o  a  s t r u c t u r a l  f o r m u l a  o n  
t h e  b a s i s  o f  3 2  o x y g e n s  p e r  m o l e c u l e :
( K ,  N o ,  C a ,  F e  , M g ) ^ ( A l , l
I n  a d d i t i o n ,  t h e  w e i g h t  p e r c e n t a g e s  o f  t w o  f e l d s p a r  e n d - m e m b e r s  
a r e  g i v e n  i n  t h e  T a b l e s .  T h e s e  a r e  f o r  a l b i t e  a n d  a n o r t h i t e ,  
a n d  a r t  c a l c u l a t e d  a s  f o J l o w s :
2 6 2 . 2 3 1 x N a
X., : - ___________________________ ________
2 6 r . 2 3 1 x N a  +  2 7 8 . 3 4 x K  +  2 7 8 . 2 x C a
2 7 8 . 2 x C a
X .  = ______________________________________________________
A n  2 6 2 . 2 3 1 x N a  +  2 7 8 . 3 4 x K  +  2 7 8 . 2 x C a
T h e s e  v a l u e s  a r e  o n l y  c a l c u l a t e d  f o r  f e l d s p a r  a n a l y s e s  a n d  a r e  
l a b e l l e d  ' X - A N O R T H I T '  f o r  X ^  a n d  * X - A L B I T E '  f o r  X ^  i n  t h e  
T a b l e s .  O t h e r  p a r a m e t e r s  a r e  n o t  c a l c u l a t e d  a n d  a p p e a r  a s  
z e r o s .
Mi c a
B i o t i t e  a n d  p h l o g o p i t e  a r e  r e c a l c u l a t e d  o n  t h e  b a s i s  o f  
2 2  o x y g e n s  a c c o r d i n g  t o  t h e  f o l l o w i n g  f o r m u l a :
( K , N a , € 0 ) 2(41  , Fe  , M g , I i ) ^ _ ^ ( S i ,  A1 ) g ^ 2 2
n e g l e c t i n g  2 1 ^ 0  n o t  d e t e r m i n e d  b y  t h e  m i c r o p r o b e  t e c h n i q u e .
T w o  i o n i c  r a t i o s  a r e  c a l c u l a t e d  a n d  l a b e l l e d  i n  t h e  T a b l e s  a s  
f o l l o w s :
No other parameters are calculated, causing zeros to appear 
in the Tables.
Amphibole
Calcic amphiboles (hornblendes) predominate in the study 
area with the exception of the sapphirine and corundum bearing 
enclaves within the garnet-cordierite-sillimanite gneiss where 
gedrite occurs. The microprobe analyses are recalculated on 
the basis of ;’3 oxygens neglecting 1H.0:
(Ca,Na,K)2 _3 (Mg,Fe'H ‘,Al6 + ;T i , M n ) 5 (Si,Al4 ^)8023
However, all analyses presented in the Tables are recalculated 
a second time where an estimate of ferric iron is considered. 
Powell (1975) found that on average 14 per cent of FeO is 
required to be converted to to attain charge balance in
calcic amphiboles (i.e. hornblendes) while about 4 per cent 
FeO is required in the case of calcic-poor amphiboles (e.g. 
cum mi ng to ni te ) . The value of 14 per cent is applied in 
calculating the ferric content of amphiboles presented in 
the Tobies.
In addition, the activity of tremolite ('A -T R E M O L I T 1) is 
calculated and presented in the Tables for all amphibole
2.4
analyses. Site occupancies are filled according to the 
following rules (S. Richardson, pers. c o m n . ):
1. The tetrahedral site is filled to total 8 ions by adding 
enough A1 to Si.
2. The M2 site contains any excess A1 after filling the 
tetrahedral site above, and also Ti and any Fe* * * (if est im at ed ) . 
Then this site is filled to total 2 ions by F e ^  and Mg such 
that these ions occur in the same proportions to each other
as they do in the whole analysis (ideal solution model with 
random m i x i n g ) .
3. The Ml and M3 sites contain the remainder of the Fe"*""1" 
and Mg and should total between 3 and 4 ions.
4. The M4 site is filled with Co and M n , and then enough Na
to total 2 ions.
5. The A site is filled with the remaining Na plus any K.
In addition, a vacant site ( □ )  is filled with enough ions to
make this A site total 1 ion.
Then the activity of tremolite is given by;
'A-TREMOLIT' = (X^). ( X ^ ) 2 . ( X ^ M 2 M 3 )5 . ( X ^ 1 )8
No other parameters are calculated for amphibole analyses.
Pyroxene
Pyroxenes are recalculated on the basis of 6 oxygens 
according to the following formula:
2.5
(Co, Na) ^  ^(Mg, Fe"1^ , Mn, Al ,Ti)^+ p (Si, A1 ^2^6
wheie 'p' approximates 1 in orthopyroxenes, and is close to 
zero in clinopyroxenes. Ferric iron is also estimated for 
all pyroxenes in the Tables and is given in a second 
accompanying analysis. The ferric estimate is based on the 
stoichiometric charge balance method of Ryburn et a l . (1975).
The pyroxene structural formula is first calculated to a 
cation total of approximately 4 with all Fe as Fe . Then,
F e 1' 1 is determined by the equation:
Fe*** = Ideal cation charge - calculated charge 
which in pyroxenes is equivalent to:
Fe"*™*"*" = 4 - 2Si - 2Ti - Al - Cr + Na + K
T h e n :
r -H- , total c +-H-Fe = Fe - Fe
The following compositional parameters are calculated
for all pyroxene analyses: Fe"*_h/(Fe4+ + Mg;, FeO/MgO, 2 . ( X ^  ),
xl ? \  x” 1 , x” 2 , Xp2 , X^2 and the activity of enstatite in
Al Al Mg Mg Fe Ca
the pyroxene. All of these calculations are made after the 
pyroxene sites have been filled according to the scheme of 
Wood and Banno (1973);
1. Enough Al is added to Si to fill the tetrahedral site to
2 ions.
2. Ml contains any Al remaining from above, plu? Cr, Ti and 
any Fe4""*^  (if estimated).
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3. M2 contains Co, No and Mn.
4. Then, boch Ml and M2 sites are filled to total 1 ion by 
F e ^  and Mg such that:
[ Mq r Mg " Mg+ F e " t Ml .Mg + F e ^ _ M2 .Mg + Fe4™*". mineral
(Wood and Bcnno, 1973 , eqn.25) which assures the ideal 
solution model with random distribution of Mg and Fe** over 
the Ml and M2 sites. The activity of enstatite ( 1A -E N S T A T I T ' ) 
is modified after eqn. 24 of Wood and Banno (1973) as follows:
"MgzSigO,
yMl yM2 zYTetx2 
Mg * Mg * 1 Si '
Garnet
Garnets are recalculated on the basis of 24 oxygens with 
the following formula:
(Mg, Fe+ + ,Mn,Ca)^(Al6 + , Si)^024
Ferric estimates are made by the charge balance method of 
Ryburn et a l . (1975) in a similar way to that for pyroxenes: 
Fe"H H " = Ideal cation charge - calculated charge 
which in garnet is equivalent to:
Fe = 16 - 2Si - 2Ti - Al - Cr 
on the basis of 24 oxygens per structural formula.
The following ratios are calculated and presented in the 
Tables for each garnet recalculation:
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'X-FE' _ Fe~^
Fe+ + ' + Mg
•FEO/MGO'. FeO (wt.%)
MgO
•FE/MG' _ Fe"^" (ions)
In addition, three mole fractions for divalent cations in the 
Ml site are c al c u l a t e d :
Cordier ite
Cordierites are recalculated into structural formulae on 
the basis of 18 oxygens:
(Mg,Fe'H )2 (*l,Ti)4 Si50 18
Only one ratio is presented for c o r di er it es :
Mg
1X - A - M l ' _ A (ions)
Mg + F e ^  + Mn + Ca
where A is Mg, Fe*^ or Ca.
'X-FE'
+ Mg
Sapphirine
Sapphirines are recalculated on the basis of 10 oxygens 
after the formula of Schreyer and Seifert (1969):
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(Mg f Fe ^  7 5_2/00 Al4,00-4,5 0 Sl0,75-1,00°10 
No compositional parameters ct A c u l a t e d  for sapphirine 
analyses listed in the 1u - l e s .
Spinel
Spinels are recalculated into structural formulae on the 
basis of 32 oxygens:
(k1g,Fe'H ')lj(Al,Ti,Si)1|5032
No parameters are presented in the Tables.
Outline chart
Table 2.1 provides a key to the computer printed data 
tables (Tables 2.2 - 2.23). It should be consulted to 
determine the following information for each data Table: 
sample number, locality (also given on Map 2 in rear pocket), 
rock type, analytical laboratory, mineral types analysed, 
and the numbers of analyses.
The analytical laboratories have the following 
abbreviations:
UCT, Cambridge Microscon 5 instrument at the Deportment of 
Geochemistry, University of Cape Town;
WITS, ARL-SEMQ instrument at the Department of Geology, 
University of the Witwotersrand.
1 nbl« 2.1: Out 1 ino cho.t to doto tobUt
luble
number
Sc le
nos r
ore locality (Map 
* in rear pocket)
Rock type 1obor-
itory
Feldspar Mica Aephlbnle Pyroxene Cornet Cordierite Soppbirlne Spinel
? 2
2.3
2.4
2.5
2.6
21-7-F
21-7-0
21-7-0
21-7-0
21-7-0
Boschtond
gornet-cordlerlte- 
slllleonite gneiss
ditto
ditto
ditto
ditto
UCT
UCT
WITS
WITS
WITS
2 1 . 1 1
2 . 4 1  
86
12
19
2.7
2.8
2.9
2.10 
2.11
• 2.12
8-7-0
2-8-12
2-8-12
2-8-12
2-6-12
It-C
Rono,
soppbirlne bearing 
rock
ditto 
ditto 
ditto 
Hi I to
dll to
UCT
UCT
WITS
WITS
WITS
UCT
I 2 2 3
I I  - I t  1 1
I 1 5 »
. . - 55
* - 19 
3 1 4 3 3 2
2.13
2.14
2.15
2-8 10A
2-8-108
2-8-100
Rond|ecfontein
gcrnet-oitbopyrosene- 
plogiocloes syeplec- 
tite
ditto 
dl tto
UCT
UCT
WITS
1 . - 1 1 -
1 1 -  1 2 -  
3 - 4 12
2.16
2.17
2.18
2.19
2.20
27
27
X21395
X21395
X21399
Artonvlllo 
(see Morrocks, 
1975)
pyroxenltlc aephibolite 
ditto 
ditto 
ditto 
ditto
UCT
WITS
UCT
WITS
UCT
1 - 1  2 1 -  
l . 1 2 2 -
1 . 1  3 - - 
4 7 - - 
2 2 1 - -
2.21 20 Artonvlllo eetopyroxenlte
WITS 1 5
2.22
2.23
26-5-A 
26-5 C 
26-5-e 
26-5-A
Shongor.l
gobbto
onorthoslte
gobbio
gobbralc onorthoslte
UCT
UCT
UCT
WITS
1 - 1 1 - - 
1 . . .  
1 - 1  I - - 
. - 4 2
fOTAIL (324 onalyset)
10 32 17 32 171 39 11 12
UCT: University ol Cope 'own (Coebiidge Mltioscon b) 
WHS: University <.' the Wl tvoter srond (AUl -SIMU)
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APPENDIX 3- METAMORPHIC PARAMETERS
Introduction
The application of various thermodynamic techniques, 
geothermometers ond geoborometers using the analyticol data 
obtained in this study (Appendix 2) is described in this
section.
Orthopvroxene-clinopvroxene thermometry
The miscibility gap between diopside and enstatite has
been the subject af much investigation and experimental
calibration (Davis and Boyd, 1966; Wood and Banno, 1973;
Nehru and Wyllie, 1974; Suxeno and Nehru, '975; Lindsley and
Dixon, 1976; Saxeno, 1976; Wells, 1977; Herzberg, 1978;
Powell, 1978) and has been applied as an approximate
geothermometer. The solid solution of enstatite between
orthopyroxene and c lL no py ro xe ne :
Mg Si 0 . Mg Si20 6
1 1 0 opx cpx
has been calibrated using the experimental data of Davis and
Boyd (1966), and expressions far the equilibration temperature
in 0 two-pyroxene assemblage have been derived. Three of
these calibrations (Wood and Banno, 1973; Wells, 1977;
Powell, 1978) have been applied to the data obtained in this
study, and have yielded a good consistency. These techniques
3.2
assume an 'ideal s olution1 model of the solubility of 
enstatite in diopside coexisting with orthopyroxene. In 
this model, Fe^+ and Mg are randomly distributed over the Ml 
and M2 octahedrally coordinated sites in the pyroxene molecule. 
Wood and Banno (1973) found that this made little difference 
to the results obtained when compared to those obtained 
using site occupancy calculations involving appropriate values 
of the standard free energy change of the exchange reaction. 
The model was able to typically reproduce experimental 
conditions to within about 50°C. The expression derived by 
Wood and Banno (1973, eqn.27) is as follows:
T(°K) -  10202
In
cpx
3en
opx
a
L en
7,65X°P* + 3,8 8( X ° ^ x)2 - 4,6
and by Wells (1977, eqn.5):
-o.,x 7 341T( K) =
3,355 + 2 ,4 4X ° px - In 
Fe
cpx
aen
opx
a- en J
jnd by Powell (1978, eqn.22)
T(°K)
- !l600 + 80P(kbar) + (X^2 - X^2 ) .(6670 - 88P(kbar))I Co Mg cpx
- 1900(XF e )op, I
In
JlX IX1 M2 [^1 M2
L Mg J opx - C O ­ cpx
1^.
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T ‘3 tells calibration utilizes additional more recent 
experimental data to incorporate a tempeiature range from 
800°C to 1700°C, and considers aluminous pyroxenes. Also, 
the effect of Fe solubility was calibrated in a more rigorous 
manner. This thermometer also reproduces the experimental 
conditions to typically within 50°C. However, the calculated 
temperatures deviate from those using Wood and Banno's 
equation (1973, eqn.27) and is attributed to inaccuracies in 
Wood and Banno's thermometer due to its dependence on 
experimental data obtained at higher temperatures (mainly 
over 1000°C) and compositions with lower Fe contents than 
those pertinent to the data obtained from the study area.
Wells uses the same 'ideal solution' mixing model and activity 
definitions as Wood and Banno. There does not appear to oe 
any systematic variation between the calculated and experimental 
values, and both thermometers produce values which may oe 
either higher or lower than the relevant experimental value 
depending on the particular sample. Powell (1978^ presents 
further refinements to these techniques, and considers Ca-Mg 
exchanges between coexisting pyroxenes. This avoids p l a c i n g  
over emphasis on the ferrous iron content of the pyroxenes, 
since ferric iron proportions of the total lion determined by 
the microprobe techniques can only be estimated and may 
introduce inaccuracies. Also, a more rigorous application
n
of thermodynamic principles by Powell allows the pressure 
dependence (usually small) of this exchange equilibrium to be 
considered in the calibration. Thus, pressure estimates must 
be assumed, or obtained from other sources, in order to solve 
Powell's thermometer (1978, eqn.22). Alternatively, a PT 
curve can be calculated for the coexisting pyroxene pair, and 
intersection with other PT curves using different eauilibria 
may provide a more precise solution of the pressure and 
temperature of equilibration.
The data and temperature estimates using these 
geothermometers are summarized in Tables 3.1 and 3.2. 
mole fraction a id activity data ore calculated by a computer 
program written by the author and are listed together with 
the other analytical dcta in Appendix 2. The different 
methods yield fairly good consistency, where Wood and Bonno's 
method (1973) gives the lowest estimates, and Powell's 
calibration (1978) gives the highest temperatures. The 
pyroxenitic amphibolite samples yield temperatures from 
about 800°C to about 950°C cepending on the technique used. 
Estimates made from the data where Fe3+ recalculations have 
been completed differ ed by usually less than 15 C from those 
made using the data without Fe calculations. Using Powell' 
method (Tabl . 3.2), differences of usually much less than 
20°C occurred assuming 4 or 10 kbar pressures, illustrating
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Table 3.1; Temperature estimates (°C) for pyroxenitic 
amphibolites (27. X21395, .X21399) and a metapyroxenite (20).
Sample
number
27 27 X21395 X21395 X21399 20
cpx
aen 0,0292
0,0270 0,0358 0,0278 0,0305 0,0199
cpx
a en 0,0293
0,0287 0,0379 0,0301 0,0331 0,0208
opx
aen 0,1564 0,1457 0,1883 0,1944 0,2130 0,5742
opxaen 0,1565
0,1458 0,1885 0,1946 0,2131 0,5738
xfP*Fe
0,5809 0,5965 0,5438 0,5350 0,5077 0,1745
1yOpx
Fe
0,5754 0,5894 0,5361 0,5268 0,5011 0,1659
Data 2 
source
Table
2.16
UCT
Table
2.17
WITS
Table
2.18
UCT
Table
2.19
WITS
Table
2.20
UCT
Table
2.12
WITS
T 3 811 804 827 798 809 838
t 1,3 813 814 837 810 821 850
T4 865 857 884 838 850 755
T 1 '4 868 871 898 855 867 764
1: with Fe recalculation
2: Appendix 2
3: Wood and Banna (1973, eqn.27)
4: Wells (1977, eqn.5)
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Table 3.2: Temperature estimates (CC) using the method of
Powell (1978) for pyroxenjtic omphibolites (27, X21395, 
X21399) and a metapyroxenite (20;.
Sample
number
27 27 X21395 X21395 X21399 20
T(4 kbor) 960 891 877 868 879 695
T(4 kbar)1 959 896 880 875 888 699
T(6 kbor) 963 893 881 871 882 695
T(6 kbar)'1' 962 899 885 879 891 699
T(8 kbar) 966 896 886 874 884 694
T(8 kbar)1 965 902 890 882 894 698
T(10 kbar) 969 898 891 877 387 693
T(10 kbar)1 967 905 896 885 896 698
1: with Fe recalculation
Data sources as for Table 3.1.
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t h e  g o o d  p r e s s u r e  i n s e n s i t i v i t y  o f  t h i s  g e o t h e r m o m e t e r .  The
m e t o p y r o x e n i t e  s a m p l e  ( n o . 2 0 )  g a v e  l e s s  s a t i s f a c t o r y  c o r r e l a t i o n  
b e t w e e n  t h e  d i f f e r e n t  m e t h o d s ,  w h e r e  t h e  Wood and Banno e s t i m a t e  
is higher ( a b o u t  8 4 0 ° C  t o  8 5 0 ° C )  and t h e  P o w e l l  e s t i m a t e  i s  
l o w e r  ( a b o u t  6 9 5 ° C ) . T h u s ,  t h e  t w o - p y r o x e n e  p a i r  i n  t h i s  
lithology a p p e a r s  t o  h a v e  e q u i l i b r a t e d  a t  l o w e r  t e m p e r a t u r e s  
»hon t h o s e  i n  t h e  p y r o x e n i t i c  a m p h i b o l i t e s . H ' . e v e r ,  t h e  
c o n s i d e r a t "  ' o f  Co s o l u b i l i t y  by P o w e l l ' s  m e  ^ v s u g g e s t s  
t h a t  t h e  Lood and Banno  and W e l l s  t e m p e r a t u r e s  may be t o o  h.gh 
t o r  t h i s  s o m o l e .  H o w e v e r ,  a l l  t h e  t e m p e r a t u r e s  are a b o v e  t h e  
minimum m e l t i n g  p o i n t  o f  w e t  g r a n i t e s ,  and w i t h i n  t h e  field 
of g r a n u l i t e  f a c i e ,  m e t o m o r p h i s m .
Garnet-orthopyroxene barometry and thermometry
Attempts have been made to calibrate coexisting garnet 
and orthopyroxene in terms of the temperatures and pressures 
o f  equilibrati r (Wood and Banno, 1 9 7 3 ;  Wood, 1 9 7 4 ;  Powell,
1 9 7 8 ;  Wells, 1 9 7 9 )  although it has been shown that these 
methods often do not provide convincing consistency or credible 
results (O'Hara and Yarwood, 1 9 7 8 )  mainly due to the considerable 
uncertainty over how aluminium is distributed between octahedrally 
and tetrahedraliy coordinated sites in the orthopy oxene.
Wood and Banno  ( 1 9 7 3 ,  e q n . 1 7 )  h a v e  d e r i v e d  a barometer by 
e x t r a p o l a t i n g  f rom e x p e r i m e n t a l l y  d e t e r m i n e d  p h a s e  equilibria 
i n  t h e  Mg S i Og- Al ^D^  s v s t e m  u s i n g  g a r n e t  I h e r z o l i t e  material
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(Boyd and England, 1964; Boyd, 1970) for the following 
r e a ct io n :
Mg2Sio06 + MgAl2 Si06 = M g ^ A l ^ i g O ^
opx solid solution pyrope
Their barometer requires a temperature of equilibration to be 
estimated or assumed before application of their f or mulation:
R i' In
^Mq •
p = 1 +
(C r)3 + 4207 - 2,691,
- V.
^3^2^3°12 'MgAlgSiO^
"here P is in bars, T, in °K, R = 83,143 cm^bar^mole” * ° K ~ ", 
and the mole fractions are for multicomponent systems. The 
volume data (in cm ) are listed by Wood and Banno (1973) and 
Wood (1974) for orthopyroxenes with different A1 contents.
Wood (1974, e q n .12) refined the above barometer by 
including additional experimental data on more magnesian 
systems (for opx; about E n ^  F s ^ )  and derived another barometer;
. In
(i-y) gar
+ 7012 - 3,98Tn C ( X ° p x ) . ( l - 2 X ^ )  
AV
r
where C is a constant of 10 450 bars derived by Wood (1974),
an d (1 - y ) is given by (X^ + XP ) where the mole fractionsgar re ng
refer only to the Ml or divalent site in the garnet molecule.
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A V r 15 91Ven by VMg3Al2$i3012 ' and
is tabulated by Wood (1974, Table l). It must be noted
that in order to use this barometer with the same units and
constants as in the Wood and Banno equation, it is necessary
to multiply the second term on the right-hand side of Wood's
expression by 41,86 in order to maintain consistency with the
units.
Powell (1978, eqn.26) considers the Co-Mg exchange 
between coexisting garnet and orthopyroxene, and by using the 
experimental data of Wood (1974) and others, has determined 
another thermometer with a pressure d e p e n d e n c e :
T°K =
7500 + 63P - (2870 + S O P ) . (Xg ar - X g a r ) - 1900(X^2 ) 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ Mg Co  ' Fe opx
4,58 - In KD - 2,1 6( x9 ° r - X ^ )
w h e r e :
KD =
' Ygar 1 " yM2 -
Mg • Co
ygar 7%
L Co j . Mg .
opx
P is in kilobars, and all garnet mole fractions refer to the
Ml or divalent cation site in the garnet molecule. An error
M2
of 5 per cent in of the orthopyroxene at 20 kbor propagates 
in this equation to yield a deviation of only 10°C (Powell, 
1978, p.467), and it appears that the uncertainty in the 
calculated temperature at a particular pressure should not be 
greater than 75°C.
Wells (1979, eqn.7) has also attempted to calibrate the
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coexistence of garnet, orthopyroxene and plagioclase in terms 
of pressure and temperature. Consideration of the equilibrium:
M92 Sl2°6 + CaAi2 Si06 = 3fl93 Aj2 Sl3°12 + 3C a 3A12 Si3°12 + Si02 
°PX plag garnet solid solution q Z
and use of the data of Hensen (1976) and Newton et al . (1977)
has enabled the derivation of a barometer with temperature
d ep e n d e n c e :
3300 + 6,261 + RT In
P = 1 +
,gar /v9°rx2
Ca • (XP
Ml,opx M 2 , opx plag 
Mg * Mg " \ n
0,56771
RT In
gar
Co
gar
plag
An
0,56771
The activity-composition data for plagioclase is tabulated by 
Orville (1972), while activity coefficients for garnet have 
beer, assumed as unity. This implies an ideal solution model, 
ard allows a maximum pressure estimate to be obtained.
Results obtained by using these methods of Wood and Bonno 
(19/3), Wood (1974), Powell (1978) and Wells (1979) together 
with the analytical data obtained in this study (Appendix 2) 
are listed in Tables 3.3, 3.4 and 3.5.
Garnet-clinopyroxene thermometry
The coexistence of garnet and clinopyroxene has been
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Table 3.3: Pressure estimates for o r t h o c >roxene-garnet pairs
using the methods of Wood, and Banna (1973) and Wood (1974)
Sample
reference
P (Wood and Tanno) kbor P (Wood) kbar
500°C 700°C 900°C 500°C 700°C 900°C
,  c 4,1 5,2 6,4 -2,0 5,8 13,7
1 { r 5,7 7,2 8,8 -2,1 5,7 13,6
2 6,4 8,1 9,9 3,5 12,9 22,3
,  c 6,6 8,5 10,3 2,6 11,8 21,0
3 { r 10,4 13,2 16,1 5,0 14,8 24,6
4 7,3 9,3 11,3 3,0 12,3 21,6
5 18,1 22,9 27,7 21,0 34,7 48,3
/ c 8,8 11,2 13,7 8,0 18,1 28,3
6 {
r 5,3 6,8 8,3 9,5 20,0 30,1
7 7,9 10,1 12,2 11,1 22,2 33,4
Sample re Ferences: (composition-octivity data from Appendix
1: sapphirine rock (11-8) - data from Table 2.12;
2: garnet-orthopyroxene-plagioclase symplectite (2-8-10A) 
Table 2.13:
3: garnet-orthopyroxene-plagioclase symplectite (2-8-10B) -
Table 2.14;
4: garnet-orthopyroxene-plagioclase symplectite (2-8-10B) -
Tab]e 2.15;
5: pyroypni tic amphibolite (27) - Table 2.16;
6: pyroxenitic amphibolite (27) - Table 2.17;
7: pyroxenitic amphibolite (X21399) - Table 2.20.
c: calculated using garnet core composition.
r : calculated using garnet rim composition.
N . B . Only data with the Fe"M ’+ recalculation have been used 
in determining these estimates.
Table 3.4: Temperature estimates fo:. orthopyroxene-garnet
pairs using the method of.Powell (1978%
Sample reference '
5 kbar
Temperature (°C) 
6 kbar 8 kbar 10 kbar
c 928 945 961 979
1 {
r 820 836 851 861
2 634 649 663 678
c 540 554 568 582
3 {
r 623 637 651 665
4 568 582 596 609
5 656 674 692 710
c 632 650 668 685
6 { r 638 656 674 691
7 664 681 698 716
See Table 3.3 for sample references.
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Table 3.5: Pressure estimates for orthopyroxene-garnet pairs
using the m e thod o f W e l l s . (19/9)
Sample reference
500°C
Pressure (kbor) 
700°C 900°C
2 4,2 3,8 3,4
3 { '
5,9 5,9 5,9
t r 4,7 4,4 4,1
5 5,2 5,0 4,9
, j C 6,1
6,2 6,2
6 < r 4,6 4,3 4,0
See Table 3.3 for sample references.
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studied in detail (De Waard, 1965; Green and Ringwaod, 1967) 
due to its relevance in upper mantle racks, and also high- 
grade mafic metamorphic rocks. It appears that these minerals 
may be generated by the following reaction: 
orthopyroxene + plag'.oclase
clinopyroxene + garnet + quartz 
and these minerals, together with amphibole, typically make 
up mafic gronulites. Green and Ringwood (1967) have used 
the above mineral assemblage to make distinctions between low, 
medium and high pressure gronulites and eclogites in PI space. 
Winkler (1974) has also used this reaction to divide a lower 
pressure 1hypersthene-plagioclase gianolite subzone' from a 
higher pressure 1clinopyroxene-almandine-quartz gronolite 
subzone' in the 'regional hypersthene zone' (or gronolite 
high grade' which contains gronulites formed at medium to 
high pressures, probably more than 4 kbar , and where water 
partial pressures are considerably less than the total load
p ressure).
An experimental determination of the pressure and 
temperature dependence of the iron and magnesium partitioning 
between garnet and clinopyroxene, particularly for eclogites, 
has been made by RSheim and Green (1974). They used glasses 
of typical tholeiitic compositions in their experiments in 
order to relate to eclogites with basaltic bulk compositions,
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and were able to calibrate a distribution coefficient (K^) 
as a function of temperature and pressure in the range of 600 C 
to 1 500°C and from 20 kbar to 40 kbar. In this range, the 
relationship is linear:
3686 + 28,35P(kbar)
T(°K) =
MgO'gar
(— )MgO cpx
+ 2,33
Since this relationship is far more sensitive to changes in 
temperature than pressure, it may be applied as a geothermometer 
by assuming a linear extrapolation to lower pressures relevant
to mafic granulites.
Ellis and Green (1979) conducted further experimental 
studies using similcr materials and conditions, and considered 
the effect of Ca upon the garnet-rlinopyroxene Fe-Mg exchange 
equilibria. An improved calibration was produced:
T(°K) =
3104X^ar + 3030 + 10,86P(kbar)
Ca
In
Mg gar
(— )Mg cpx
+ 1,9034
In addition, Wells (1979) has also produced a geothermometer 
for coexisting garnet and clinopyrcxene using experimental 
data from several authors:
3.16
24440 + 0,06524(P - 1)
T(°K) = - - - - - - - - - - - - - -
13,41 - 3R In
Mg ' Fe
gar cpx 
L 'Fe * Mg J
where P is in bars, and R is the gas constant (1,987 cal^°K "*"mol ^ ) .
Temperature estimates at various pressures using these three 
expressions are presented in Table 3.6 using only the analytical 
data from Appendix 2 where Fe*** recalculations have been completed.
Biotite-garnet thermometry
A study of the partitioning of Fe and Mg between coexisting 
biotite and garnet which have compositions close to a binary 
Fe-Mg system has allowed the experimental calibration in terms 
of pressure and temperature of the following cation exchange 
reaction (Thompson, 1976; Ferry and Spear, 1978);
Fe3 A12 Sl30 12 * KM93 AiSl3C io^O H ^2 = 
almandine phlogopite
Mg3 A12 Sl30 12 + KFe3A1Si3°10^O H ^2 
pyrope onnite
Thompson (1976) applied thermodynamic techniques to natural
assemblages fco obtain temperature estimates, and demonstrated
a linear relationship between the distribution coefficient of
the exchange reaction, and temperature (Figure 3.1). A
linear regression curve fit to this data has enabled the
derivation of a ceothermoneter:
Table 3.6: Temperature estimates (^O for pyroxenitic
amphibolites using coexisting garnet and clinopyroxene
Sample number 27 27 X21399
Data source Table 2.16 Tabl e 2.17 Table 2.20
(Appendix 2) UCT WITS 
core rim
UCT
T1 (4 kbar) 664 675 618 623
T1 (6 kbar) RSheim and 678 689 631
636
T1 (8 kbar)
Green (1974)
692 703 645 650
T1 (10 kbar) 706 718 658 663
T2 (4 kbar) 792 822 701 686
T2 (6 kbar) Ellis and
798 828 706 692
T2 (8 kbar)
Green (1979)
804 834 712 697
T2 (10 kbar) 810 840 718 703
T3 (4 kbar) 770 782 717 723
T3 (6 kbar)
Wells (1979)
776 787 722 728
T3 (8 kbar) 781 793 728 733
T3 (10 kbar) 787 799 733 739
3.18
20
40:600700
Figure 3.1: Plot of InK against l/T For Fe-Mg exchange
between coexisting biotite and garnet (after Thompson,
p . 429).
T(°K) =
2739,646
In Fe
gar Mg
biot
gar biot
+ 1,560
L Mg y ~  Fe
However, Thompson (1976) indicates that temperatures determined 
from this calibration are about 50°C higher than those obtained 
by 0 18/ 0 16 isotopic thermometers, while garnet-biotite pairs 
from high grade metamorphic rockr show systematic displacements 
with increasing Ti in the biotite molecule. Some biotites 
analysed in this study contain over 4 per cent TiOg (see 
Appendix 2) and may introduce inaccuracies into this determination.
Ferry and Speer (1978) completed an experimental study 
on synthetic garnet and biotite in the range of 550°C to 800°C 
and at about 2 kbar. A linear relationship between the
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distribution coefficient (for the binary Fe-Mg exchange
equilibrium) and temperature was revealed (Figure 3.2) and 
numerical analysis of these data has yielded a geotliermonie ter 
for rock containing biotite and garnet which are close to 
binary Fe-Mc compounds (largely satisfied by the data obtained
in this study):
12454 - 4,662T + 0.057P + 3RTlnK = 0
l8L n K . - ^ ^ C ’az 
P * 2 07 ktw
-!4V
*
2
.
e
■ eoo*C TitrC T oot sscrc 600*C f.soK
ok— '—
40 100 "0 ItO
lOOOO/TCK)
Figure 3.2: Plot of InK^ against l/l for coexisting biotite
and garnet (after Ferry and Spear, 1978, p. 115).
where T is in °K, P is in bars, R is the gas constant, and K 
is the distribution coefficient given by (Mg/Fe)^  ^ / ( M g / F e ^ ^ ^  
either on a weight or acomic metal basis. This expression 
requires a pressure estimate to be made before determining a 
temperature, though is very insensitive to pressure changes. 
Ferry and Spear (1978) claim a maximum practical resolution 
of about 50°C, though point out that caution must be exercised 
if Ca and Mn fill the divalent metallic sites (M2) by more
than 20 per cent, or if Ai and Ti fill the octahedrally 
coordinated sites (Ml) by more than 15 per cent. this will 
ensure that the condition of a binary I-e-Mg system is largely 
maintained. The data obtained in this study generally
satisfy these constraints.
These two garnet-biotite thermometers have been applied 
to the data in this study (Appendix 2) and are presented in 
Table 3.7. Only data where F e ' ^  recalculations (for garnet 
have been made ore used in determining these estimates, and 
within the pressure range of 4 to 10 kbar, the thermometer 
of Ferry and Spear (1978) shows no pressure dependence or
effect.
Gon.et-cordierite thermometry and barometry
It has long been recognized that the coexistence of 
garnet and cordierite in metomorphic rocks of pelitic 
composition is controlled by ^actors such as pressure, 
temperature and host rock composition. The reaction. 
3(Mg,Fe)2 Al4Si50 ld 
cordierite
2(Mg,Fe)3Al 2 Si30 12 + AAl^AiOg + SSiOg 
garnet si3limanite quartz
is characteristic of high-grade pelitic rocks, and this 
assemblage is common in pelitic rocks within the study area.
Table 3.7: Temperature estimates (°C) for c oexisting biotjte
and garnet
Sample
number
Data source 
(Appendix 2)
( l l )  (1^ )
'Mg gar Fe biot
Tl T2
21-7-F
21-7-G
Table 2.2 
UCT
Table 2.3 ( 
UCT \
r
2,1329 1,6085 
1,2601
j 1,90155
1,67995
708 764 
852 989 
734 802
2-8-12
2-8-12
11-8
Tabxe 2.8 
UCT
Table 2.9 
WITS
c
Table 2.12 , 
UCT I r
1,0957 4,1914
0,8021 3,8284 
0,9010 .
3,8457
1,1926
615 633
748 824 
704 759 
615 633
2-8-10B
2-8-10B
Table 2.14 c 
UCT \
r
Table 2.15 
WITS
1,7638 .
1 2,8158
1,6044
1,6980 2,6162
593 603 
620 639
625 646
21-7-F
21-7-G
2 - 8-12
11-8:
2-8-10B
c:
r:
Tl:
T2:
Farm
garnet-cordierite-sillimanite gneiss, Farm Boschrand 
garnet-cordierite-sillimanite gneiss, Farm Boschrand 
scpphirine bearing r o c k , Farm Rand jesf o nt e i n . 
sapphirine bearing rock, Farm Rand jesfontein. 
garnet-orthopyroxene-plagioclase symplectite,
Rand jesfontein. 
garnet core composition, 
garnet rim composition.
temperature after Thompson (1976). 
temperature after Ferry and Spear (1978).
T2 determined in the pressure range from 4 kbar to 10 kbar.
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The dependence of this reaction on the physical parameters of 
metamorphism has been the subject of much study (Currie, 1971; 
Hensen and Green, 1971, 1972, 1973; Thompson, 1976; Holdaway 
and Lee, 1977; Wells, 1979) and several thermometers and 
barometers have been suggested. Currie (1971) noticed that 
the volume change in a Mg-Fe exchange equilibrium between 
garnet and cordierite was negligible, implying that this 
exchange was not explicitly dependent on pressure, and thus 
forms the basis of a good geothermometer. However, although 
the exchange equilibrium is insensitive to pressure, the 
minerals present in a garnet-cordierite assemblage are very 
pressure sensitive (Hensen and G r e e n , 1971, 1972, 1973, 
Thompson, 1976). Currie (1971) conducted an experimental 
study using cordierites of intermediate composition, and 
derived the following expression:
_________  4 5 1 5 ________
T(°K) =
6,37 - In
However, Hensen and Green (1971, 1972, 1973) conducted 
experimental studies on a much wider range of compositions 
(with Mg/Mg+Fe ratios from 0 to 0,7) and also compositions 
both with and without excess A l ^ O y  but all with excess SiO^. 
They were able to demonstrate that garnet and cordierite 
coexist over a wide range of pressures and temperatures
cord
_Hc l_
cord
Fe
gar
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together with hypersthene, sillimonite, quartz, sapphirine, 
spinel and olivine:
High P, Low T gar + cord
I
gar + cord +  opx + sill + qz
I
gar + cord + opx + sapph + qz
?
gar + cord + opx + sp + qz
I
Low P, High T ol + sp + qz
and where the Mg/Mg+Fe ratio of all the ferromagnesian 
minerals decreases continuously from the high pressure region 
to the low pressure region. Consideration of these ratios 
enabled the calibration of a wide P-T field where garnet and 
cordierite may coexist (Figure 3.3). Holdaway and Lee (1977) 
also undertook experimental studies on the stability of 
cordierite, and were able to produce a calibration of a wide 
region of P-T space for coexisting garnet and cordierite on 
the basis of their Fe/Fe+Mg ratios (see Figure 3.4). Thompson 
(1976) calibrated data from several sources and showed a linear 
relationship between the distribution coefficient for the 
exchange equilibrium and temperature (Figure 3.5). The 
analysis of these data allowed the derivation of a pressure 
independent the rm om et er :
T(°K) = _______________ 2724,948_______________
ln [ 1 < E > = o r d  ] + °' 896
700 TEM F E K A T U I E  *C
Figure 3.3: P-T field for coexisting ycrnet and cordierite
in the reaction cord = gar + sill + qz showing 100Mg/Mg+Fe 
compositional contours (after Hensen and Green, 1973).
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Figure 3.4: P-T field for coexisting garnet and cordierite
after Holdaway and Lee (1977). Solid lines (cordierite) and 
dashed lines (garnet) are lOOFe/Fe+Mg contours. Dots refer
to experimental data of Currie (l97l).
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Figure 3.5: Plot cf InK against l/T for the Fe-Mg exchange
equilibrium between coexisting garnet and c o r d i e n t e  (after 
Thompson, 1976). Squares are natural assemblages from 
various sources; solid circles from data of Hensen and Green 
(1971, 1972); open circles from data of Currie (19/lj.
Further temperature and pressure calibrations for these 
minerals has been compiled by Wells (1979) using standard 
state thermochemical data and experimental results from Hensen 
and Green (1971, 1972, 1973), Holdaway (1976) and Hensen (1977). 
The expression for the thermometer is as follows:
33248 - 0 , 1768(P - X l
T( K) =
10,94 + 6Rln
gar Ycordi 
Fe * Mg 
gar Ycord 
L Mg * Fe J
(P in bars)
In addition, Wells (1979) also calibrated the reaction: 
cordierite = garnet + sillimanite + quartz 
as a barometer for both the Fe and Mg end-members of 
cordierite and garnet by extracting standard state
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thermochemical data from experimental results of several 
w o r k e r s :
' X
21801 - 9 , 44T - 6RTln
P = 1 + I
cord
Fe
- Xgar
Fe
3,6481
a n d :
r X
16773 + 23,67T + 6RTln
gar
Mg
L X cordMg
3,8256
where P is in bars, T in °K, and R is the gas constant.
Results obtained using these techniques on the analytical 
data of this study are presented in Table 3.8 and utilize 
garnet analyses in which Fe*** has been recalculated. Good 
consistencies were obtained between the different methods, 
though in most cases, the Mg/Mg+Fe contours of Hensen and 
Green (1973) intersected out of the sillimanite field (Figure 
3.3) for the data in this study. No kyanite has been 
recognized in samples collected within the study area, although 
recognized elsewhere in the Limpopo Mobile Belt (e.g. Chinner 
and Sweatman, 1968), and the temperature and pressure estimates 
determined using Hensen and Green's data (1973) must be 
regarded with caution.
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Table 3.8: Temperature (°C) and pressure (kbar) estimates
for coexisting garret and.cordiorite
Sample
number
21-7-F 21-7- G 2-8-12 11 -8
Data source Table 2.2 Table 2.3 Table 2.8 Tabl e 2.12
Appendix 2 UCT UCT UCT UCT
c r c r
783 647 705 802 755 824
T2 638 880 755 616 675 591
13 850
P3 8,8 - -
T4 690 870 815 550 630 550
P4 7,9 6,8 7,0 10,5 9,8 10,3
T5 (4 kbar) 633 872 749 611 670 587
T5 (6 kbar) 623 860 738 602 659 578
T5 (8 kbar) 613 847 727 592 649 568
P5a (500°C) 6,8 6,2 6,4 7,8 7,6 8,0
P5a (650°C) 7,0 6,2 6,5 8,2 7,9 8,3
P5a (800°C) 7,2 6,2 6,6 8,5 8,3 8,7
P5b (500°C) 6,8 7,7 7,3 7,6 7,9 7,5
P5b (650°C) 7,3 8,4 7,8 8,2 8,6 8,1
P5b (800°C) 7,8 9,0 8,4 8,9 9,2 8,8
21-7-F:
21-7-G:
2- 8- 12 :
11-8:
c : 
r:
Tl:
T2:
T3 & P3: 
T4 &
T5:
P5a:
P5b:
P4:
garnet-cordierite-sillimanite gneiss, Farm Boschrand. 
garnet-cordierite-sillimanite gneiss, Farm Boschrand. 
sapphirine bearing rock, Farm Rand jesfontein. 
sapphirine bearing rock, Farm Rand jesfontein.
estimate using garnet core composition, 
estimate using garnet rim composition.
temperature estimate after Currie (1971). 
temperature estimate after Thompson (1976). 
temperature and pressure after Hensen and Green (1973). 
temperature and pressure after Holdaway and Lee (1977). 
temperature after Wells (1979).
pressure using Fe end-members after Wells (1979). 
pressure using Mg end-members after Wells (1979).
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Two feldspor thermometry
A geothermometric technique has been developed and 
successfully applied to q u artzo-feldspathic granulites by 
Stormer and Whitney (1977). Consideration was made of 
equilibria between coexisting plagioclose and alkali feldspar 
using experimental data. The partitioning of albite between 
the two feldspars has been calibrated as a function of 
pressure and temperature to yield a geothermometer. Two 
expressions are presented for both high temperature sanidine - 
high albite series and for microcline - albite series 
r es pe ct iv el y :
6326,7 - 9963,2 X ^  + 943,3 ( X ^ ) 2 + 2690,2 ( X ^ ) 2 +
P | 0,0925 - 0 , 1 4 5 8 X ^  + 0 , 0 1 4 l ( X ^ ) 2 + 0 , 0 3 9 2 ( X ^ ) 3 j>
T =
-,,9872 in —  + 4,6321 - 1 0 , 8 1 5 X ^  +
7 , 7 3 4 5 ( X ^ ) 2 - 1,5 j 1 2 ( X ^ ) 3
7973,1 - 16910,6X
T =
23,72(xA[)2 - 8,62(xAF)3
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where T is in °K, P is in kilobars, and where and are
the mole fractions of albite in alkali feldspar and 
plagioclase respectively.
Analytical data for a coexisting alkali feldspar and 
plagioclase are presented for a sample of garnet-cordierite- 
sillimanite gneiss (sample no. 21- / - F , . orm Boschrand,
Appendix 2 - Table 2.2) and have been used in the application of 
Stormer and Whitney's (1977) two geothermometers. From 
Appendix 2, = 0,1135 and = 0,6772, and the temperatures
obtained are presented in Table 3.9.
Table 3.9; Temperature estimates for coexisting alkali feldspar
and p l a g i o c l a s e .
Solution series 4 kbar 6 kbar 8 kbar
Sanidine-albite
Microcline-albite
469 469 469 
515 515 515
Data for sample no. 21-7-F (garnet-cordierite-sillimanite gneiss 
- farm Boschrand) from Appendix 2 (Table 2.2).
Temperatures in °C.
The results of this thermometer display excellent pressure 
insensitivity. However, the temperature estimates by this 
method are significantly lower than those obtained by other 
techniques suggesting that the feldspars equilibrate, probably 
with the production of perthitic textures, under much lower 
metamoiphic conditions sometime after the peak of the high 
grade event, or during a later thermal event.
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Coexisting plggioclase - clinopyroxene - quartz 
The e qu i l i b r i u m :
CaAl2Si208 = CaAigSiO^ + Si02
anorthite Co-T schermak quartz
has been studied by several workers (Hariya and Kennedy, 1968; 
Wood, 1977, 1978, 1979), and can be used to calculate a P-T 
curve for this assemblage in rocks of appropriate composition 
(e.g. basement gneisses, onorthositic and gcbbroic gneisses 
of the Messina Layered Intrusion). Although tabulated heat 
of formation data for these phases can be used to calculate 
enthalpies and entropies for this reaction, it is also possible 
to determine these data from experimental studies, such as 
those completed by Hariya and Kennedy (1968). At equilibrium, 
taking standard states of all components to be pure phases at 
the temperature and pressure of interest, we have:
" G P,r = 0 s 3 H 1 bar,T ‘ U S T + J  ^  dp
If one assumes that A C  is zero and that AV° is a constant, it
P
is then possible to determine A H °  and A S °  from the
1 bar
equilibrium boundary. However, th^ experimental data of 
Hariya and Kennedy (1968) (see Table 3.10 and Figure 3.6) 
illustrates that experiments on phase equilibria rarely achieve 
equilibrium between reactants and products, and such equilibrium 
boundaries can only be 1 b r a c k et ed ', which may introduce errors
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md Kennedy. 1968; 
z
g  grossularite + 2 kyonite + quortz
Table 3.10: Lxaer;mental oho»e equilibrium result* (after Horiyo ond Kennedya_l?68j
for the reaction: 3 anorthite zz 3Co-Tschermak's molecule + 3 quartz
lr 1 -  1 — —, j J. O  Izxvn i i ♦ e n t m r t  ?
Number Reactants Pressure
(K bar)
Temperature
(°cy
Time
(hours)
Products
85 An 29,5 1450 3 An
57 An 3u 1400 8 An
101 Ca-Tsch + G 30,5 1430 2,2 An
63 An 31,5 1400 3,8
Co-Tsch ♦ Q
72 An 31,5 1460 3,5
Co-Tsch + 0
105 An 31,5 1490 2 Co-Tsch ♦ Q ♦ small oirnunt gl
61 An 33 1400 4,2
Gros + Ky + 0 + Co—T sch
42 An 33,5 1470 3
Co-Tsch ♦ Q
106 Gros + Ky + C 34 1445 io-Tscl grew ♦ Q
43 An 35 1400
Gros + Ky + 0 + small amount Co- 
Tsch (unstable)
44 An 36 1510 1,5 Co-Tsch + 0 + small amount gl
56 An 36,5 1445 3
Gros * Ky + smell amount Ca-
Tsch jnste" ,)
55 An 36,5 1475 3 Gros + K y +  Ca-Tsch
45 An 37 1400 3,8 Gre s + Ky + Q
An: anorthite: Ca-Tsch: Co-T«chermak1s molecule; gl: gloe*; Groe: grossularite;
Ky: kyonite; Q: quortz.
Storting materials: bet • natural nnd synthetic minerals.
PR
ES
SU
R
E 
(K
B)
3.32
40
30
20
10
Co-Tsch 8  0Grossulcnle 6  Kyamte 6  
Q ua r t z
Anorth i t e
Q An —  Gfoi + K y + Q
«  An — C a - T s c h  + Q 
A Cor  *  Me / l  — An 
*  An — C o r *  Ve / i  
3  A n — M e / I
j  An =  Gr o J  * Ky *  Q
■  An no c h a n g e  
7  P r o d u c t *  Grew 
▼ P e o c i o n l *  Grew 
0  C o -  Tech * 0  — An 
♦ G r o s s  *  <y ♦/G — Co f s c h  * Q 
H An — Co  - f s c h  ♦ Cor  M e l t
Cor 8  Liquid
■ . *
Liquid
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TEMPER VTURE C O
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Figure 3.6: The stability field of anorthite at high
pressure and temperature (after Hariya and Kennedy, 1968)
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in the determination of thermodynamic data. Thus, where 
products are stable, the following condition will apply 
(while where the reactants are stable, the reverse condition 
a p p l i e s ):
A G p  T = A H "  bar - TAS° + (P-1)AV° < 0
or alternatively,
A H "  bQr - TA5° < - (P-1)AV°
Then, the c o n di ti on :
A H °  bar - TAS° = - (P-1)AV°
provides the best internally consistent values of AH°  and 
AS° to be constrained by the experimental results.
Then, using the experimental doto of Hariya and Kennedy 
(1963) (see Table 3.10), these c ,tions may be derived
(Table 3.11) and plotted in a H -a S° space (Figure 3.7) to
define a relationship between enthalpy and entropy for this 
equilibrium. Entropy values for these mineral phases are 
listed by Robie et a l . (1978) for different temperatures, 
which enables the entropy-temperature relationship for this 
equilibrium to be determined (Figure 3.8) in the temperature 
range of interest. By using Figures 3.7 and 3.8 in conjunction, 
it is therefore possible to determine values for A H °  and AS° 
at a particular temperature, and thus obtain a P-T relationship 
for this reaction, by substituting into the general condition
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Table 3.11: a H °  - a S °  conditions for the experimental data
of Horiya and Kennedy (1968) for the reaction; onor =
Ca-Ts + gz
Reactants Products P(kbar) T(°K) A H °  - Ta S° £ - (p - i )a v 0
Ca-Ts + qz An 30,5 1703 A H O-1703AS° > 10641
An Ca-Ts + qz 31,5 1673 A H 0-1673 a S° < 10990
An Ca-Ts + qz 31,5 1733 A H ° - 1 7 3 3 a S0 < 10990
An Co-Ts + qz 31,5 1763 A H 0-1763 a S° < 10990
An Ca-Ts + qz 33,5 1743 A H 0-1743a S° < 11688
An Ca-T s + qz 36,0 1783 A H 0 -1783 a S° < 12560
AV°  = -0,3489 calabar  ^ (data from Robie et a l ., 1978)
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15000
10000
A H
cel eol*'
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AH = 1690,6 AS * 10820
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-10
A  5  eel eol* "K
Figure 3.7: A H ° - A 5 °  conditions for the reaction an :
Ca-Ts + qz from the data of Horiya and Keneedy (1968) 
(after Fripp, 1981c).
0,3 r
A S
eel ool*" "K
■0.3
- 0,6
900
: ^  A S  *1,810 - 0,00165 T
1000 1100 1200 1300 1400
T°K
Figure 3.8: Entropy-temperature relationships for the
reaction an = C a — 1s + qz from the data of Robie ef ol. 
(1978) (after Fripp, 1981c).
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of equilibrium for this reaction:
-RTlnKp = bar T - Ta S^ + /  A V °  dP
where is the equilibrium constant given by:
cpx qz
aCa-Ts ‘ Si02
*0 ' plag
aan
Alternatively, a P-T curve can be calculated directly
from tabulated heat capacity data without reliance on specific
experimental studies. Heat capacity data for minerals can be
readily obtained by colorimetric or electrochemical methods
and is tabulated by various authors for a wide range of
common rock-forming minerals (e.g. Robie et a l ., 1978;
Helgeson et a l ., 1978). It has been shown that heat capacity
at a particular pressure is a function of temperature, which
may be represented by the following simple equation:
2
C p = a + bT + c/T
where a, b and c are experimentally determined constants for 
the phase of interest, and T is in K. Then, since the 
following relationship between an increase in enthalpy and 
temperature exists:
dH = C dT
P
it is possible to determine the enthalpy of a phase at a 
particular temperature:
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T T
/  dH = . /  C dT
298 298
T ,2.
H T " H 298 = J* (a + bT + c/T ) dT
b £  cl
+ 2 ‘ Tj
298 T
HT = H298 + al 298
where T is the temperature of interest ( k) and where 
a, b and c are experimentally determined parameters for the 
phase of interest. Increasing the heat content of a phase 
also increases its entropy, and if an amount of heat dH is 
added at constant pressure, the following applies (Wood and 
Fraser, 1976):
dS
which becomes:
dS
dH
T
C dT 
_J2____
and thus an expression for entropy in terms of the heat 
capacity may be obtained:
T T C
/  dS = /  -=!r dT
298 298
ST " S298 = „ „ /  ( T  + b +  T } dT
298 T
ST " S298 >
c 1 
a.lnT + bT - ^ 2
298
Thus, after the calculation of H^ and 5^ for the relevant 
mineral phases at the temperature of interest, A H  and A S
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m a y  b e  o b t a i n e d :
h
-
X<
XOL
U 
t—
 
X
ii i
Na- 1—
 
X+ H P l a 9
a s t
- c p x  
•  T *  4 Z -
e P l a g
v o l u m e c h a n g e  i s g i v e n  b y :
A V ° =  V °  
c p x
+  V °  -
q z
v °
p l o g
T h e n ,  b y  s u b s t i t u t i o n  i n t o  t h e  e q u a t i o n  o f  s t a t e  a t  e q u i l i b r i u m :
- R T  l n K D  =  A H  -  T a S  +  ( P ~ 1 ) a V °
o r  a l t e r n a t i v e l y :
T A S  - A H  -  R T l n k
P  =
D
A V °
+  1
g e n e r a t e s  a  P - T  e x p r e s s i o n  f o r  t h e  a s s e m b l a g e  p l a g i o c l a s e  +  
c l i n o p y r o x e n e  +  q u a r t z . T  i s  g i v e n  i n  K, P  i s  i n  b a r s ,  a n d  
K  i s  t h e  e q u i l i b r i u m  c o n s t a n t  f o r  t h e  r e a c t i o n  g i v e n  b y :
c p x  q z
a C a - T s , a S i 0 2 
i v  =  ■ ■ ■ ■ - ■»
D  p l o g
a
a n
T h e  a c t i v i t y  o f  S i 0 2 i n  q u a r t z  i s  u n i t y  ( t r i v i a l ) ,  w h i l e  a ^ ° 9
i s  g i v e n  b y  O r v i l l e  ( 1 9 7 2 )  a s  a f u n c t i o n  o f  t h e  r e a d i l y
d e t e r m i n e d  m o l e  f r a c t i o n  X p l a g . T h e  a c t i v i t y  o f  C a l c i u m -
o n
T s c h e r m a k  i n  c l i n o p y r o x e n e  i s  d i s c u s s e d  i n  d e t a i l  b y  W o o d  ( 1 9 7 9 ) ,
F i r s t l y ,  ) L  .r i s  c a l c u l a t e d  b y  t h e  f o l l o w i n g :
' C a - T s
-  M 2  M l  T e t  T e t
C a - T s  = C a  A 1  S i  * A 1
3 . 3 9
T h e  X f a  ^ i s  d e t e r m i n e d  b y  i t e r a t i o n  o r  g r a p h i c a l  t e c h n i q u e s  
f r o m :
( * C a - T s )  ^ 2- X C a - T s ) = * C a - T s
T h e n  f o r  t h e  t e m p e r a t u r e  r a n g e  9 0 0 ° C  t o  1 1 0 0 ° C :
c p x  
1 »
a C = . T S =  ( 1 ' 3 - 0 ' 4,<F e ) - X C a . T ,
w h e r e :
X
F e
F e "
- F e  +  M g  _ c p x
R e s u l t s  o b t a i n e d  u s i n g  t h i s  m e t h o d  i n v o l v i n g  h e a t  c a p a c i t y  a n d  
o t h e r  t h e r m o d y n a m i c  p a r a m e t e r s  ( T a b l e  3 . 1 2 )  f o r  a  r a n g e  o f  
v a l u e s  f r o m  0 , 0 2 0  t o  0 , 1 0 0  a r e  p r e s e n t e d  i n  T a b l e  3 . 1 3 .
P r e s s u r e  e s t i m a t e s  h a v e  a l s o  b e e n  „ a d e  u s i n g  t h e  
a n a l y t i c a l  d a t a  o b t a i n e d  i n  t h i s  s t u d y  ( A p p e n d i x  2 )  a n d  a r e  
p r e s e n t e d  i n  T o o l e  3 . 1 4 .  S a m p l e s  o f  p y r o x e n i t i c  a m p h i b o l i t e  
a n d  g a b b r o i c  g n e i s s  ( f r o m  t h e  M e s s i n a  L a y e r e d  I n t r u s i o n )  w e r e  
u s e d ,  a n d  o n l y  c l i n o p y r o x e n e  a n a l y s e s  w i t h  t h e  Fe*"*-*  
r e c a l c u l a t i o n  w e r e  u t i l i z e d  i n  t h e  c a l c u l a t i o n  o f  P - T  c u r v e s  
( u s i n g  t h e  h e a t  c a p a c i t y  t e c h n i q u e ) .
W a t e r  a c t i v i t y
T h e  a c t i v i t y  o f  w a t e r  m a y  b e  c  I c u l a t e d  f o r  a s s e m b l a g e s  
i n v o l v i n g  h y d r o u s  m i n e r a l  p h a s e s ,  s u c h  a s  a m p h i b o l e .
E s t i m a t i o n  o f  t h e  d i s t r i b u t i o n  c o e f f i c i e n t  o f  a  d e h y d r a t i o n  
r e a c t i o n  a n d  t h e  d i s t r i b u t i o n  c o e f f i c i e n t  f o r  t h e  s o l i d  p h a s e  
a l o n e  e n a b l e s  t h e  s o l u t i o n  o f  t h e  w a t e r  a c t i v i t y .  O n e  s u c h
T a b l e  3 . 1 2 :  T h e r m o d y n a m i c  p a r a m e t e r s  f o r  a n o r t h i t e ,  c a l c i u m -
T s c H e r m a k  a n d  q u a r t z  ( f r o m  H e l q e s o n  e t  a l . .  1 9 7 8 )
M i n e r a l V ° a b x l O 3 c x l O  ^
u °
1 , 2 9 8
s °
1 , 2 9 8
S i 02
q u a r t z
2 2 , 6 8 3 11,220 8 ,200 2 , 7 0 - 2 1 7 , 6 5 0 9 , 8 8
C a A l ? S i 0 6 
C a - A l  p y r o x e n e
6 3 , 5 0 0 5 4 , 1 3 0 6 , 4 2 0 1 4 , 9 0 - 7 8 4 , 0 1 3 3 5 , 0 0
C a A l ^ S i . C L
I  4. O
a n o r t h i t e
1 0 0 , 7 9 0 6 3 , 3 1 1 1 4 , 7 9 4 1 5 , 4 4 - 1 0 0 7 , 7 7 2 4 9 , 1 0
'
from 0.020 to 0.100. ond o ioi'H» in t«n.p«rotu :e f  from 500 > to 1UW L------------------------------- -------------
500 550 600 650 700 750 800 850
900 950 1000
2,256 1,240 0 ,207  0 ,836 -1 ,3 7 4  -2,961
0,020 7,106 6,172 5,213 4,247 3,260
0,025 8,068 7,218 6,328 5,420 4,497
0,030 8,451 8,072 7,235 6,379 5,507
0,035 9,069 8,795 8,001 7,189 6,351
0,040 10,157 9,421 8,665 7,891 7,101
0,045 10,676 9,973 9.250 8,510 7,764
0,050 11,140 10,467 9,774 9,064 8 ,338
0,055 11,559 10,913 10,248 9,565 8,866
0,060 11,942 11,321 10,681 10,022 9 ,348
0,065 12,295 11,696 11,079 10,443 9,791
0,070 12,621 12,044 11,4*7 10,832 10,202
0,075 12,925 12,367 11,790 11,195 10,584
0,080 13,209 12,670 12,111 11,534 10,942
0,085 13,476 12,954 12,412 11,853 11,278
0,090 13,727 13,222 12,697 12,153 11,594
0,095 13,965 13,475 12,965 12,438 11,894
0,100 14,191 13,715 13,220 12,707 12,178
3,556 2,603 1,634 0 ,654 -0 ,3 4 0 -1 ,34 3
4,618 3,717 2 ,800 1.872 0 ,930 -0 ,02 2
5,516 4,659 3,786 2,902 2,004 1,096
6,294 5,475 4,640 3,794 2,934 2,064
6,980 6,195 5,394 4,581 3,754 2,918
7,594 6,839 6,067 5,284 4,488 3,681
8,149 7,421 6,677 5,921 5,152 4,372
8,656 7,953 7,233 6,502 5,768 5,003
9,123 3,442 7,745 7,037 6,315 5,583
9,554 8,895 8,219 7,532 6,831 6,121
9,956 9,316 8,660 7,993 7,312 6,621
10,332 9 ,710 9,073 8,424 7,761 7,089
10,685 10,081 9,451 8,829 8,183 7,528
11,016 10,430 9,826 9,211 8,591 7,942
11,333 10,761 10,172 9,572 8,955 8,334
11,632 11,074 10,500 9,915 9 ,315 8,706
2 . 4 2
Table 3 .1 4 :  P ressu re  e s t i m a t e s  fo r  p y r o x e n i t i c  a m p h ib o l i t e s
and samples from the Messina Layered I n t r u s i o n using  
c o e x i s t i n g  p l c g i o c l a s e .  c l in o p y r o x e n e  and quartz
Sample
number
Data source  
(Appendix 2)
............ ..........
kd
P ressu re  (kbor)  
600°C 750°C 9 0 0 ° C
27
27
X21395
X21395
X21399
Table 2 .1 6  -  UCT 
Table 2 .1 7  -  WITS 
Table  2 . 1 8  -  UCT 
Table  2 .1 9  -  WITS 
Table 2 . 2 0  -  UCT
0,02636
0 ,036d8
0 ,06559
0 ,06521
0 ,0 6 3 2 4
6 , 6  3 , 8  1 , 0  
8 , 3  5 , 8  3 , 2
1 1 .1  9 , 2  7 ,1
1 1 .1  9 , 1  7 ,1  
1 0 ,9  9 , 0  6 , 8
26-5-A
26-5-A
26-5-E
Table 2 . 2 2  -  UCT 
Table 2 .2 3  -  WITS 
Table 2 .2 2  -  UCT
0 ,0 7 0 3 4
0 ,0 5 2 3 4
0 ,0 5 2 3 0
1 1 ,5  9 , 6  7 , 6
1 0 . 0  7 , 9  5 ,6
1 0 . 0  7 , 8  5 , 6
27; p y r o x e n i t i c  a m p h ib o l i t e ,  Form A r t o n v i l l a .
X21395: p y r o x e n i t i c  a m p h ib o l i t e ,  Farm A r t o n v i l l a .
X21399: p y r o x e n i t i c  a m p h ib o l i t e ,  Farm A r t o n v i l l a .
26-5-A: gabbroic  g n e i s s ,  Farm Shangani .
2 6 - 5 - E : gabbroic  g n e i s s ,  Farm Shangani .
3 . 4 3
r e a c t i o n  - n i c h  n a s  b e e n  u s e d  in t h i s  s t u d y  i n v o l v e s  the  
d e h y d r a t i o n  o f  t r e m o l i t e :
Ca2Mg5S i g0 2 2 (0H)2 2CaMgSi206 ♦ l . S M g j S i ^  + SiOj + HjO
- r e m o l i t e  d i o p s i d e  e n s t a t i t e  quartz
. n i c h  h a s  t h e  fo l l o w i n g  d i s t r i b u t i o n  c o e f f i c i e n t :
_ / ompht
Qtrem
ina t n u s  :
f l u i d  KD
a
Hd° K . .  ,4 s o l i d s
T h e  a c t i v i t i e s  o f  t r e m o l i t e  for  amphiboles and e n s t a t i t e  for
o r t h o p y r o x e n e s  are l i s t e d  in Appendix 2,  w h i le  the a c t i v i t y
♦ d i o p s i d e  i n  c l in o p y r o x e n e  i s  g iven  by:
and i t  i s  thus  p o s s i b l e  to  determine Ks o i i c js for  t h i s  
e a u i l i b r i v m  us ing  the a n a l y t i c a l  data .  may be c a l c u l a t e d
for  d i f f e r e n t  tem peratures  and p r e s s u r e s  from the  equat ion  o f  
s t a t e  us ing  p u b l i sh ed  thermodynamic parameters .  However, the  
presence  o f  water in trod u ced  a c o m p l i ca t io n  i n t o  what i s  
o th er w is e  a s o l i d - s t a t e  system. F i sh e r  and Zen (1971)  have 
in trod uced  an approximation by c a l c u l a t i n g  the Gibb s f r e e
energy o f  water (G ~ ) .  This en a b le s  th e  c a l c u l a t i o n  of
3 . 4 4
thermodynamic parameters  o f  s o l i d  phases 1r o m  h y d r o t h e r m a l  
e q u i l ib r iu m  data .  The e q u a t i o n  for the free energy r  th- 
systenr then becomes:
AC = AG! -  (T-298)AS
( 1 , 2 9 8 ^ s o l i d s  1 , 2 9 8 ' s o l i d s
+  +  ( ^ K o i i d s  +  ^ D
and the maximum v a lu e  o f  w i l l  occur when AGq = 0 ( i . e .
w ith  ju s t  enough water  to  i i z e  t r e m o l i t e ) .  Thus:
(T-298^ ° -  (P-1)AV° -  GH2o -  AG°
RTInK.
Thermodynamic parameters  o f  the  mineral phases  are a v a i l a b l e  
in  the  l i t e r a t u r e  ( s e e  Table 3 . 1 5 )  to  c a l c u l a t e d  and 
t o g e t h e r  with  K has enabled  the  d e term in a t io n  of  the
water  a c t i v i t y  f o r  samples c o l l e c t e d  in the  study area  
(Table  3 . 1 6 )  at  tem peratures  o f  700°C, 800 C and 900 C, and 
at  p r e s s u r e s  o f  6 kbar , 8 kbar and 10 kbar.
3 . 4 5
Toble  3 .1 5 ;  Thermodynamic parameters  for  t r e m o l i t e ,  d i o p s i d e ,  
e n s t a t i t e  and quartz ,  f o r . t h e  r e a c t io n ;  trem = 2 diop +
1 , Sen + q z + H g O
Mineral
AG”
c o l /m o l
AH°
c o l /m o l c o l / m o l .  K
V°
cm^/mol
t r e m o l i t e  
Ca2M955 l 80 22^°H' 2
-2770685 - 294-14: 8 - 5 8 3 , 3 5 2 7 2 ,9 2
d io p s i d e
CaMgSi206 -724000 -765598 - 1 3 9 , 6 5 6 6 ,0 9
e n s t a t i t e
MgSi03 -348930 -369686 -  6 9 ,6 4
31 ,2 8
quartz  
5 '2
-204646 -217650 -  4 3 ,6 2 22 ,69
AG°, AH°, and V° data tram Helgeson e t  a l .  (1 9 7 8 ) .  
A.S° data from Ro^ie e t  a l . (1 9 7 3 ) .
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A s m o re  an d  m o re  iso top ic  igc d c te rm m atK in s  a re  
b e in g  m ad e  it is b e c o m in g  in c te a s ir .g h  ev id en t th a t, in 
so m e  in s tan c es , an d  p e rh a p s  in m o st in s tan c es , th e  ages 
m e a su re d  h ea r  little  re la tio n sh ip  to  th e  a c tu a l a g e  o f  e m ­
p la c e m e n t o f  th< ro c k  unit in v o lv ed , ev en  th o u g h  the 
m e a s u re d  a g e s  a re  s ta tis tica l!;, m e a n in g fu l  (se e  e g  
A llso p p , 1971). 1977 M o o rh a th , 1975; R o d d ick  a n d  C o m p  
s to n . 1977; B a rto n  d  a l . I97K; B ell an d  B lenk im uip . I,J X  
C o o p e r  ei a t .  1979. B lack cr a! 1979 W elk c  e> ol 1980) 
T h is  re ia tu m sh ip  involving m ica  -m tx iel. m k a  w h o le -ro c k  
a n d  o th e r  m ineral a g es  using R I’ Sr an d  K \ r  te c h n iq u e ' '  
w ell d o c u m e n te d  (see  e.g. H a rt. 19M . X rm strong . 19,'a 
F a u re  a n d  P ow ell. 1972 I a u rc  19 ’ f. In th e  cases oi 
R h-S r. H i-Ph. S m -N d  and *” P I> *-P h  v ersus M,P b/w,l 'h  
( P h -P b )  w h o le - ro c k  a n d  I P h  z irc o n  d a t in g ,  th is  r e ­
la tio n sh ip  is so m e tim e s  less o b v io u s . especi .lK m m cta- 
m o rp h ic  ro ck s  o f  P re c a m h n a n  ag e  th a t lack  lossils for 
s tra tig ra p h ic  c o m p a riso n . N ev e rth e le ss ages d e te rm in e d  
by th e se  la tte r  te c h n iq u e s  a re  o f te n  d iffe ren t th a n  the ir  
" t r u e  ag e s"  o f  e m p la c e m e n t as d e d u c e d  hv o th e r  m eans 
( se t R o d d ick  an d  C o m p sto n , 1977. B a rto n  w  a 1 . 197s 
X ltsopp et a l ,  1979. B lack n  a l , 1979) In th e  in s ta n c e s  o f 
sm a lle r  ages, these  m ay o ften  he  e q u a te d  w ith  su b seq u en t 
m e ta m o rp h ic  e v e n ts  a ffec ting  th e  ro ck s o r w ith  th e  pass 
m g o f  th e  n e k s  th ro u g h  so m e c o n d itio n s  o f  te m p e ra tu re
•A  SI nil h vriknn  < cinlnhn'nm in It* Inlirnnlnmnl ( a  .n linam ks
PrtiRcl. No SS
an d . to  a lesser ex te n t, p re ssu re  w h ereb y  they b e c o m e  
c losed  sv s tem s w ith re sp e c t to  th e  p a r e ’t a n d  d a u g h te r  iso ­
to p es  ( re g io n a l uplift an d  c o n s e q u e n t e ro s io n  to  a  new 
level) I a rg e r  ages may re su lt from  an a ly s in g  ro c k s  c o m ­
posed  ol tw o  radically  d if fe re n t iso to p ic  n a tu re s  o r  from  
analysing  ro c k s  re p re se n tin g  d iffe ren t sized  iso top ic  d o ­
m ains w ithi- a single unit (R o d d ic k  a n d  C o m p s to n . 19 7, 
W elkc c l  H i , 1980) W h e re  o th e r  c r i te r ia  are  lack in g , to  
d is t in g u is h  b e tw e e n  " t r u e  a g e s "  o f  e m p la c e m e n t  an d  
y o u n g e r  o r  o ld e r  ages is a su b jec tiv e  b usiness, at b es t, an d  
m o re  p ro b ab ly  is im possib le  i M lsopp . 19 ). H e n c e , to
bluullv a c c e p t iso top ic  ag es as ages o f  e m p la c e m e n t o r  as 
ages o f  m e ta m o rp h ism  is rife w ith  risk
f o  illu s tra te  th is risk , th e  resu lts o l R h-S r an d  I’b-I’b 
w hole ro c k  an d  I Ph z irco n  iso top ic s tu d ie s  a re  p re se n te d  
o f  th e  N ingelele an d  Bui u G n eisses ol th e  C e n tra l / o n e  ol 
th e  I im p o p o  M ob ile  Belt th e s e  iso to p ic  d a tin g  te c h ­
niques a rc  th e  o n e s  m ost com m only  ap p lied  to  P re c a m  
b n a n  ro c k s  I he C e n tra l Z o n e  o f  th e  I im p o p o  M obile  
Belt is a  highly d e fo rm e d  poly m e ta m o rp h ic  te r ra in  s itu ­
a te d  b e tw e e n  th e  R h o d e s ia n  a n d  k a a p v a a l  ( r a to n s  
( B arto n  an d  K ey. 1980) a n d  th e  e m p la c e m e n t ag es o f  th e  
tw o  gneiss,s un its  in to  th is te r ra n c  a re  re a so n a b ly  well 
k now n  fro m  o th e r  c r ite ria  th e  p re se n t " s ta te  o f th e  a r t"  
m u ltip le  te c h n iq u e  a p p ro a c h  to  iso to p ic  s tu d ies in Pre- 
c a m h n a n  t e n a n t s  is d isc u sse d  th is  a p p ro a c h  is designed  
to  m in im ise  th e  u n c e r ta in tie s  o f  in te rp re ta tio n  in h e re n t in 
such s tu d ie s
T R A NS  U  T I O N S O l  n i l  t i l O I O i K  M S(K II I V  O l  SOI I I I  M  KK X
II. HIT M M . I  I I I I C.M ISS
The Sm R ekle (In v is- 11 ip I) (S .ih n ge, l*M' Soli;-.", i
a i . Il>48. B ahnem anii, I4'’- 1 npp el «/ . l'r‘M lllhv 
Itigieal d efined  unit ol diM ineuve brow nish w ea lh en n r  
fine- to  eoa ise-p ra in ed  pink q uartzofeldspalh ie  gneiss It
form s a laser or layers within the seq u en ce .T sitpr.urustal
rocks ol the Central Z one ol the I im p op o  M obile HcIi md 
is b elieved  to  have oriptnallv been  either a pw ocl.istK  
rock or an irkosic sandstone t Tripp el a! I*1 lh  It m e  
part o f  the se q u en ce  of supracrustal rocks im plies th e  the 
S ingelele t .n e is s  w as em p laeed  so m e  tim e during the inter­
val o f tim e b etw een  about 1 m \ agsx w hen the older  
suite o f  d> k e s  w as em p laeed  into the \ m d  River Cineisses 
o f  the basem ent com p lex , and about > 1 st 'm  \  tgo. when  
the M essina l.avercd  Intrusion w as em p laeed  in to  the 
supracrustal rocks t Barton c/ « / . I*# . 19 l ,t B arton, un-
publ, data) The S ingelele G neiss, the rem aining supra­
crustal rock and the M essina I axe red Intrusion w ere siib- 
iccted to  lour periods o f  deform ation  the first o n e  prior to  
about 3 150 m ag o . the second on e (the principal labru  
forming ev en t) occurring about * 150 m.v ago and the third 
and fourth o n es occurring betw een  about ? 0 0  m.v ago and 
abciut 2 b 0 0  m.v ago (Barton r a t .  l l»M; Barton and Kcv. 
I UNO). The terrain in w hich the S ingelele G neiss o ccu r ' was 
raised to approxim atelv its present crustal level h \ about I 'h o  
m .v. ago ( Barton and Ryan. 1 9 7 ' i. but it w as localiv involved
in the copper m ineralisation in t h e  M essina area, w hich may 
h a v e  occurred about I 70 m.v ago (Sdhngc, ’ -.s Jacobsen , 
1 Jaconsen  .7 at ■ 197" Barton. l v ' ‘>).
III. n i l  HI LAI t . M  i s s
The Bulai G n eiss (S o h n g c , I 9 4 v  S ohnge el at.. I94H) is a 
distinctive brow n w eathering, p inkish, coarse-grained  por- 
p h yrilis  c n e is s  o ccu rr in g  prim arily w est o f  M essin a  
d  ig .I) Sm all outcrops of a lithologically  sim ilar rock als.. 
occu r neat ish ip isc  (Tig It This unit is an orthogneiss o f  
granitic eom poM tion. con ta in in g  ap p reciab le hornb lende  
and b io tile . and it w as intruded into the seq u en ce  o f supra­
crustal rosks o f  the C entral Z on e o f  the I im p op o  M obile  
Belt, including the S ingelele G n eiss , after the secon d  
penetrative d eform ation  o f  these  ro c k s  about } 150 m y. 
ago (B arton  and Key. I WO). It con ta ins xcn oliih s o f  d e ­
form ed supracrustal gn e isses and w as a ft-c te d  by the third 
an d  fo u r th  r e g io n a l d e f o r m a t io n * !  e v e n t s  b e tw e e n  
about 2 '0 0  m v ago and about 2 «*> m.v igi X' with the  
Singelele G n cis- the terrain in w hich the Bulai ( m e i s s  
occu rs w as raised to  approxim ately its present crustal level 
bv about I 9 5 0  m y  -go (B arton  and R yan. 1977)
| \  XNXI M l <  XI I K  H M Q !  i s .  SxVUM IM .
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The analytiv il tech n iqu es utilised in this study are iairly 
standard and arc described  in Barton el  a t  ( I 9 '  0  and Bar-
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Bhink con cen tration s w ere su llic icn th  sm all that n o  co r­
rections w ere m ade
I he results of Rb Sr and Ph iso l analyses ol w hole-  
r<>ck sam ples are listed in Table I and ' results ol tin re­
pression o f  the analytical results are sum m arised in I able
II. These data are also p lotted  on Taps 2 through 10 I he 
results o f I and Pb analyses of zircons are listed in Table 
III and are p lo tted  on  Tie II.
V  D I M  I ss|(t\
The sim plest, and to  m ost p eo p le , philosophically  the 
m o st satisfying approach to  interpreting I -Th-Ph isotop u  
d ata  is to  m ake the sam e assum ptions that are com m on ly  
m ade for Rb-Sr isotopic dating, i e isochrons result w hen
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i l l  -sstem  has b e e n  c lo sed  to  p a re n t an d  d a u g h te r  e l ­
em en ts and (2> a system  h ad  a u n ifo rm  d a u g h te r  iso top ie  
 ^ nposition  hut satiab le p a re n t-d a u g h te r  e le m e n ta l co m ­
p ositions at the tim e it b ecam e c losed  T h e  s lo p e  o f  th e  
dal array on an isochron diagram  is thus related  to the  
time elapsed  since the system  b ecam e c lo sed  This tim e  
span may he the tim e elapsed since a rock unit w as em - 
pl.i, ed  or since it w as m etam orphosed
H ow ever, it is a lso  possible to  obtain statistically signifi­
cant rectilinear data a r m s  lor both I I h Pb and R h - S r  
iso top ie data that have no tim e sign ificance as far as the 
rock unit is con cern ed . O ne possib le ,way is to  have the 
sam ples co m p o sed  o f  tw o co m p on en ts with h om o g en eo u s  
but distinct com p ositions T hen  a range in m easured iso ­
top ie  com p ositions is a mixing line betw een  the  co m p o si­
tions o f these tw o  end m em ber co m p on en ts A secon d  way 
is for the rock svsiem  to behave regularly in a hetero­
gen eou s a id or op en  m anner, i.e. for the initial daughter  
iso to p ic  ratios to  vary exactly  p ro p o rtio n a lly  to  th e  
parent daughter elem en ta l ratio and/or lor ch an ges i . the 
parent d a u g h ter  e le m e n ta l ratios to  he e x a c t ly  p ro ­
portional to  the values o f  these ratios For exam p le , a ter­
tiary Ph-Pb isochron may be generated  in this way (G ale  
and M usselt. 19*"11
The lack, in deta il, o f  w idespread regid irity m g e o c h e m ­
ical p rocesses argues that the am plest approach  o l assign­
ing isochrons so m e age sign ificance is probably the m o-t 
reliable m ethod  o f interpreting tb-- data Secondary c h e m ­
ical ch an ges other than rehom ogen isation  o f  th e  daughter  
isotop ie com p o sitio n , have a ten dency  to  pr-x iuce scatter  
in the data and linear arruv - that are errorchrons (sec  e .g . 
R oddick  and C o m p s,o n , |V', It must be rem em bered , 
how ever, that the sim plest approach is ta i l ibk  M ixing 
lines m ay he recogn ised  h\ the age d ifferen ces o f  the end  
m em bers com p ared  to  the age associa ted  with the xlop< of 
th e  m ix in g  lin e . H o w e v e r , in g e n e r a l ,  to test tor o  -  u
! 7 8 8 . 7 2 / - 7 6  m y
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Rh-Sr iM 'vhron di.iy.vam lo r the  -um plv- ot the Sm.-. k-'. l i t  . 
from F a rm  O iien .l T he very  large in itu l • ' s r  “ Si - .uo o f ihi< isovlir. 
is c h a rac le n s iic  o f re h o n io g en i'a iio n  o f  (he Sr isotopes ilurrr.rt 
m e ta r r  'rphism
abilitx o f  other alternative exp lanations for rectilinear tia'a 
arrays requires elaborate nvethixls w hich often  arc ren­
dered d u b iou s by the num ber o f assum ptions necess.irs to  
einp los them  (see  e g  G ale and M ussett. i l) W elke  
anti N ieo laxsen , 19X0) f o r  exam p le . I -Pb and Pb-Pb iso- 
chrons for a g iven  suite of sam ples should  yield the sam e  
ages if the data arras is not fortu itous (G ale and M ussett. 
107.1), H ow ever, recent t loss m w h ole-rock  -ss te m s has 
nearly alw ays t'ccurred so  that the present I Pb ratios are 
often not the correct o n es  for interpreting the system s, f o r  
tertiary Pb-Pb isochrons, les'm g requires assum ptions as 
to  at least on e o f  the fo llow ing factors ( I )  the age ol the  
earth. (2 ) the  original I /Pb ratio o f  the earth and (.1) the 
tim e at w hich  the third evolutionary stage began (G a le  and  
V „  ...It 1 0 7 1 ) Pb-Ph iv s h r .  MS II. a system , in w hich the
daughter isotopic com p osition  has been  rchom ogcn iscd  
are m athem atically indistinguishable from  primary or se c ­
ond a r isochrons (G ale  and M ussett.
T he ■ U ' '“ s o f  sam ples for each  unit analysed for this 
study w e e h om ogen eou s on the sam ple sca le , being ap 
parently c o  nposed  o f  on e rock type with n o  veins ot 
younger m a r tia l In addition , crude estim ations o f  I and 
Th co n ten ts o f the w h ole-rock  sam ples xh tw that the 
sam ples are presently active and producing daughter Pb 
isotopes (B arton , unpuhl data) X mixing line interpret­
ation for the analytical results may thus be d iscou n ted
N o  internal m athem atical tests max be m ade with the
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■’Pb ’“ I’b versus "M s™ P b  diagram for the s implex o f the Sing, 
lele (ineiss from fa rm  (b len d  ITie t.tre stria l Pb isotopu growth 
curve ol Stacey and Kramers (1975).. alibrated in I(7 years, is shown 
for comparison and all o f the results plot awav from this curve, sag 
gesting that these rocks have been in an environment with a larger 
than average L Pb ratio.
figure 6
Rh-Sr isochfvn diagram I. ' the sam ples o f  the Sm gclele G neiss  
from I trm Skullpotnt Phis is an errorthron
Rb-Sr w h o le - to c k  iso to p ic  d a ta  to  d is tin g u ish  w h e th e r  or 
n o t thex  d e f in e  iso c h ro n s  w ith  g e o lo g i. m ean ing fu l 
ag es fh e re fo re . ta k e n  a lo n e , th e  R h -S r d a ta  p re se n te d  
here max n o t h e  uniquely  in te rp re te d
The P b -P b  w h o le -ro c k  iso to p ic  d a ta  p re se n te d  h e re  a rc  
n o t c o m p a tib le  w ith bein g  p rim ary  o r  se c o n d a ry  iso c h ro n s  
co n s is te n t w ith  th e  te rre s tr ia l Pb iso to p ic  e v o lu tio n  m o d e ls  
o f  S tacey a n d  K ra m e rs  (197$) o r  G u m m in g  a n d  R ic h a rd s  
11 9 " ' i The po ss ib le  te s ts  a re  dc  r ib ed  in G a le  an d  M u s­
se tt (197.1), b u t essen tially  th e  iso c h ro n s  d o  n o t pass 
th ro u g h  e i th e r  th e  p re sen t-d ay  Pb iso to p ic  ra tio s  u se d  m 
th e se  m o d e ls  n o r  d o  they pass ■ n r..u  MI th e  ip p ro p . mli' b h  
iso to p ic  ra tio s  fo r  th e  ages in d ic a te d  by th e  s lopes ol th e  
iso ch ro n s The d a ta  m ay b e  in te rp re te d  as re p re se n tin g  
m o d e ls  o f  tw o - s ta g e ,  th r e e - s ta g e ,  f o u r - s ta g e ,  e tc  d e ­
v e lo p m e n t hv m ak in g  th e  a p p ro p r ia te  a s su m p tio n -  in c lu d ­
ing th e  I P b  ra tio s  o f th e  ro c k s  p r io r  to  th e  re c e n t V loss. 
T h is , h o w e v e r, is a  n o n c o n s tru c tiv e  e n te rp r is e  d u e  to  th e  
la c k  o f  p ro p e r  c o n s tra in ts  so  th a t u n iq u e  so lu tio n s  a re  im ­
possib le .
\ n  a l te r n a t iv e  a p p r o a c h  to  in te r p r e t in g  w h o le - ro c k  
I lh - P h  an d  R b-S r iso to p ic  d a ta  is to  lo o k  a t th e  fre ­
q u ency  th a t sp ec ific  iso c h ro n  an d  m in e ra l ag es o c c u r  in a 
g iven d o m a in  c o m p o se d  ol sev era l ro c k  un its H c lu s te rs  ot 
ag es o c c u r  f ro m  un its  o f  d is tin c tiv e  s tra tig ra p h ic  ages, 
th e n  th e  c h a n c e s  of sp u rio u s  ages go in g  u n re c o g n ise d  d e  
creases an d  a g es  in any g iven  c lu s te r  may he  a ss ig n ed , w ith  
fair c o n f id e n c e , to  at leas t specific  m e ta m o rp h ic  ev en ts  
an d  to  possib ly  e m p la c e m e n t ev e n ts . I h is na tu ra lly  re ­
q u ire s  a g re a t d e a l o f  iso to p ic  age d a ta  by n u m e ro u s  t e c h ­
n iques as w ell as a  g o o d  u n d e rs ta n d in g  o f  th e  te c to n ic  
e v o lu tio n  o f  th e  d o m a in  by a lte rn a tiv e  m e a n s  su c h  as 
s tru c tu ra l analys is f u r th e r m o re ,  th e  m o re  co m p lex  th e  
history o f  a  d o m a in  h as  b e e n , th e  m o re  age  d e te rm in a tio n s  
m ay be re q u ire d  in o rd e r  to  -‘so lve  specific  te c to n ic  
ev en ts
("lu sters o f  ra d io m c tris  a g es  from  ro c k s  n e a r  M essina  in 
the  ( c n tra l Z o n e  o f  th e  l . im p o p o  M ob ile  Belt th a t are  co r 
re la te d  w ith  te c lo n .s  an d  m e ta m o rp h ic  ev en ts , o c c u r  a t 
t i so  4 to  m  y.. 2 9V) . 100 m y.. 2 b<v • 100 m y an d  
I 950 I 50 m  V (B a r to n  a n d  R xan . 1977 B arton  rt m . 
1978; B a rto n  an d  K ey, 1980 B a rto n , u n p u h l d a ta ) , T h e  
m ajo rity  o f  th e  w h o le -ro c k  iso c h ro n  ages p re se n te d  h e re  
fall in th e se  c lu s te rs  (see Table II) a n d , co n se q u e n tly , they 
max hv e q u a l e d  w ith  is o to p ic  h o m o g e n is a t io n  d u r in g  
specific  te c to n ic  and  o r  m e ta m o rp h ic  e v e n ts  The data  
from  the  S ingcle le  G n e iss  o n  fa rm  O stend are a n o m o lo u s an d  
th e ir  s ign ificance  is u n c le a r  The similarity betw een  th e  R b-S r 
iso ch ro n  a n d  th e  P b-P h  c r ro rc h ro n  ages suggests, h ow ever,
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\e,ir>. is shown (o r  Lomv ir iso n  Ih e  re s u lts  p lo t slight I a u ..o  f ro m  th is  s u r v i
h a t th e  n u m b e rs  m ay no t he  sp u rio u s  Ihv  R b-S r e rro t h ron  
ige fo r th e  S ingelc lc  G n e iss  o n  h a rm  S k u llp o in t suggests that 
he  Sr iso to p es  in th is unit m ay h av e  b een  onK  partia lly  
lo r ro g c m s e d  ab o u t 2 7 0 0 m .y  ag o . The d a ta  Iro m  i Ih  
Sm g cle le  G n e iss  at A rea  I a re  c o n s is ten t w ith  th e  P b  iso topes 
in th e se  ro c k s  bein g  h o m o g en ise d  d u r in g  c o p p e r  m in e ra lisa ­
tion  a t M essina  ab o u t I 770 m v  ag o  (B a r to n . 19 'o
It is e v id e n t th a t n o n e  of th e  w h o le -ro c k  isochnffl ages 
m e a su re d  fro m  th e  S ingelclc  G n e is s  ev en  c losely  a p p m x i 
m a te  th e  age  o f  e m p la c e m e n t o f  th is un it. O n  the  o th e r  
h a n d , th e  sa m p le s o f  th e  Htilai G n e is s  fro m  th e  u p s  local 
ity a n d  fro m  I a rm  S kullpo in t y ield  w h o le  ro c k  iso c h m n  
a n d  e r ro rc h ro n  ages o f  b e tw een  a b o u t . ' b ' l ,  m o  and  
a b o u t 2 7(10 m .y .. w h ich  a re  c o n s is te n t w ith  th e  sp a n  o f  
possib le  ages o f  th is unit is d e d u c e d  fro m  o th e r  .o u rccs  
T h e  u n ce rta in ty  a sso c ia ted  w ith th e  P b -P b  w h o le -ro ck  
iso c h m n  fro m  th e  sam ; les fro m  I a rm  S k u llp o in t is vers 
la rg e  an d  so  th is age is o f  little u se . It is. th e re fo re , reason  
ab iv  to  a ssu m e , as a w ork ing  h y p o th es is , th a t th e  Bulai 
G n e iss  w as e m p ln c e d  ab o u t 2 700 m y ago llo w e v e i the  
possib ility  ex ists th a t th is  unit w as e m p la c e d  as m u c h  as
a b o u t 3 150 m .y ago.
I he  c o m m o n  I’h iso top ic  c o r re c tio n  values a ssu m ed  lo r 
th e  z irco n  age  c a lc u la tio n s  a re  (“ ’P b '" I ’h),, 14.64 and
(iw p h /^P b V , 13.52. O f  n ecessity , th ese  a rc  only c ru d e  
e s tim a tio n s  o f  th e  c o r re c t v a lu es , an d  c h a n g e s  the  
a s su m e d  v a lu es o f  th e  c o m m o n  I 'b  iso to p ic  c o r re c tio n
va lues will m ak e  large d if fe re n c e s  m th e  p o sitio n s  o f so m e  
o f  th e  an a lv tiea l resu lts o f  lag . .1 (sec ta b le  I I h  H o w ­
ev e r. th ese  d if fe re n c e s  a re  no t la rg e  en o u g h  to  re m o v e  the
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fact that z irco n s from  b oth  th e  S in g e k lr  a n d  Bulat 
G n eisses have suite red m as se  I’b loss si urine then his­
tories fu r th erm ore, it is obsxJO* from  the p lo tted  p o s­
it ons ol the data on  f ig  II that m odel ages, constructed  
hv p ro jectim  individual analytical results on to  the con  
co rd ii curve b \ straight lines f' im  the origin, arc to o  small 
for ea ch  unit to reflect cither em p lacem en t or me o f the 
later deforinationai even ts Three proportional I’b loss 
curves (W asserberg. I% 3) ire show n for com parison  on  
Fig II . T hese have values o f 2 WO m . ' w  m.y ami 
3 icv) m.y the last tw o being m inim um  c ■ o f  etnpla  
m ent ol the Bulai ind S m gelele G n eisses respectively I he 
analytical results d o  not lit well on  to  any ol these  curves, 
indicating that the histories o f  the zircons h ave K e n  corn 
plicated and irregular. I he results d o  fit reasonably w ell 
b etw een  the 3 200 m.y curve and the 2 0 0 0  in s curve, 
consistent with the probability that the co m p lica ted  and  
irregular behaviour w as confined  to  the tim e span during  
w hich the units w ere undergoing periodic m etum orphisin  
In addition , the m ajorits o f  the results plot b etw een  the 
;  700 m .y. curve and the 2 W 0  m .s curve, possibi re 
fleeting I’b  loss as a result o l a reduction  ol v 'tilining 
p re ssu re  due to  regional uplift and erosion  (G o id ich  and  
M udrey. 1972). Hus process occu rs most com m only  in 
m etam ict zircons w hich  the o n es  analysed for this studs 
are not. but possibly these zircons were an n ealed  at the  
sam e tim e N everth eless, zircons with widely discordant 
com p ositions such as these are o f  little use as indicators of 
p re c ise  age, he it o f  em placem ent or o f  m etam orphism  
I urtherm ore. w idely discordant com p osition s are -he rule 
rather than the excep tion  with zircons from  polym etam or- 
phic te r ra in s  such as the I im pop o M obile  B elt (see  e g
Barton el  a!.. 1978).
The initial "'SrTSr ratios of the isoch rcn s from  the
Sm gelele G n e i s s  are large, suggestive o f  and consistent  
with p o s t  em p lacem ent hom ogen isation  of the Sr iso top es
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figu re  10
”"|1i *Ml1s ve r s u s  **l,tv**Pb diagram lor I he samples o f the nulai 
Gneiss from the type locality (the Bulai plutoni and from I arm 
skullpoim I he leru stnal I’b isotopie growth curve of Maeey and 
k, imeis ;I97S(. valihrated in Ilf years, is shown for comparison 
uul most ,.! th. results plot awav from this curve
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th e  ii : ■ S r/* > r  nil; - o f  ih i  v-'-etirons Irom the Bul.ti
, ,  , )v. u e. <»n tl.e o .h er  hand, m w ll en ou gh  m> m * ™
eiic lix i f c t i h e r  a p rm viry  o r .i secondare ■..iliu-
x  t h m  - f t c n  u s e d  t o  e s t i m a t e  a  m a x i m u m  K b - S .
x l i o l c - r o v l  i " .  f o t  •• u i t c  - f  r o x k s  .  t o  e . i l c u l . i t e  J h c  m w  
. l V a  . . i i .  - u  r o - K  w i t h  t h e  p r e s e n t  t v e r . t p c  K b  N r
-he ivK h r..r  This M. •! to  the isochron  a«e o e e o m e s
■|,e m ax,m am  ,gc dw otissib te for that unit. I h is m ethod  «  
m odel t h ; ' assum es t h  isoehem . al beh aviou r e x x u n c i
the ( the tveratte »’ K b « S r  rat   the ,o ek
,s hnovii; md It)  th - CM,m ated aiim m um  P'^siblc
winmal '" S r r s , ratio for the unit is valid It is co m m o n ,
if s,x or m ore im ples of a rock suite are co llec ted  and 
analysed w ithout regard to  their R b S r  ratios ih.u the 
. t Rh « s .  r ,1,0 o f  the suit' is a win ic is n  nahlv Close to  
t |K average "’ Rh^Nr ratio o f  the s im p les  N ,tuples foi nns 
studv w ere o llecte .' md analysed this wax In addition , 
for a r o d  ol an ape of ihout t £(tti uvv or less to  have an 
nrieuml "’Sr.^Sr ratio less than at,out 0.7 is unusual Hu ,
s h o w s  dial  the  m o d e l  is invalid an d  suggests,  a s su m in g  th a t  the  
es t im  ated "’R b ^ S r  ra t ios  are  co r re c t  tha t  s o m e  c h a n g e s  m the 
Kh an d  Sr c o n te n t s  o f  e a c h  ro c k  su ite  m ust  have  o c c u r r e d  at 
v n n e  l ime b e fo re  o r  d u r in g  the  last rese t t ing  of the  R b-Sr
"c lo c k s " .
S u ch  m o d e l s  p re d ic t  a m a x im u m  ave for  th e  Rulai  
^ ' ’R b - N -  IM0 .(!m  m'ld l i l r ^ h l -V o rp h v n ' lK  "H u la , . ty p e  '
E E E ' E E E i e E
ih .u  su ites  o f  this unit  also u n d e r w e n t  c h a n g e s  m th e i r  Kh 
m d  Sr c o n te n t s  at  s o m e  t im e  b e f o i e  o r  d u n n g  th e  last r e ­
setting ol thx Kh Sr d o  ks
f l S l i l l i i
 ^ u -  es  t'n ..:Mh o ,h  the Sm gelele and Hula,
s ' j i z z s z i r z e s z ’s z
th a n  yyith the  K i.il'v aal t  ra ton .
W hy ce r ta in  ro ck  units  such as th e  Bulai Cmciss a p p a i -  
c n l h  re ta in  iso topit  m em ory  ot th e i r  e m p la c e m e n t  age
i m esses individual tsotopic da ,m e ic h ,m ,u c s  yield d i,- 
,v re ,„  icM.lts I he  reasons for these  d isc rep an ces  prob-
lowe, t e m p e r a t u r e s  ih a n  d o  r o c k s  c o n ta in in g  le r ro m ag -  
, .va .m  m inera ls  such  as a m p h ih o lc  an d  p y -o x e n e  S m -
gabbroic rocks  tend  to  he m ore resistant than m ore
Z k i l T  'h' "''-I'k
granitic  p o rphyri t ic  o c k .
I he  sca le  ol s a m pling  c a n  a lso  affect th e  ages  o h la  ned  
f rom  specif,o rock  units  (see e g  R o d d ic k  a n d  C om psto t i .  
|4 7 7 i  It sa m p le s  a rc  co l lec ted  o x e r  a large a r e a  on i n  
scale of  k i lo m e tre s  b e tw e e n  sam ples ,  th e re  is a possibility 
th a t  " i n h e r i t e d "  a g e s  m ay  h e  m e a s u r e ,  th a t  r e f l e c ts  
Hie so u rc e  ol th e  rocks  Vet.  with in  ^ c , a m o r p h i c  rocks .
:  z s z m  r r s ? : * ,
he re ,  excep t  th e  Bulai  ( in e is s  from the  tv p c  locality , the
I l l s  /. M . H i n t o n  /» Vi*. I / '  /• npf> / '  U  ) o r k s c n i  \  M i l
t l n m g l i  w l i v r t  i v l n h l i  il. i h v  < i m v  u n i t  is .1 c o h v u  n t  .n i u w l n  id i%|x i 
lei  f v i v iu  v p i i t l c r n  y u m i g i t i g  aiv.ix  I h i i i i  t i n  DL’ u n i  I ) . < . u i i l i l i n . i l  a x i a l  
t t i i n -  I ’livst'  i i i c u i  l e m  t s. t in  ii h u e .  s ug gi  st t h a t  t i n  l i s t i n g  o u t  o f  s u n n  
s t n u  t u i i '  o m n  i c i l  |m)>i-I)L’ a m i  smi  a m i  jxisi  I i t f o l d i n g  I’ i n a l h  ill t i n  
g n e is s  u n i t s  i n  t h e  a r e a  w e i e  fol t l e i l  a h o u t  i ast-v.i  st t r e m l i t m  i x ia t  s m  ! t o  
l i n e  ill si n a l i  il 1)1 d ig .  ■ \
Mi i i e i . i l  f ab i  i is ,  n t a i i l H  s< h i s t os i tx  i n v o l v i n g  oi  iei i te i l  j i l ag io ;  last a n t i  
h o m b l e i l t l e  c i s s t a  s.  a i e  m o s t  l e . n l i l v  s e e n  i n  t h e  g a b b r o i i  ini i i s  o f  i l u  
M e s s i n a  I avci  v d  I n t i  i i>ion r i n  se a n  f o l d e d  a h o u t  t in  I) a n d  I ) I h i n g t  
/ o n i  s a n d  a l e  f o l d e d  a b o u t  at  l ea s t  s o m e  o f  t h e  1)2 b i n  t . o n e s  X o o i d  
i n g b  ii a p |  tea i s  t h a t  t h i s  s t h i s t o s i i s  u . i s  h e h  i o g e n e o u s h  d e v e l o p e d  d m  
i n g  I ) I d e l o i u i a t i o u  a n d  sv i deK d c w l o p e d  d i n i n g  1)2 d e l m i l l a t i o n  I hr  
I) 1 a n d  t h e  1)1 d e f o r m a t i o n s  d i d  n o t  i n v o l v e  p e n t n a t i v e  i t  <n s t a l l i / a t i o n
o f  th e  g n e isse s
It is i m | K ) i t a u t  t o  l e t o g n i / e  t h a t  t h e  i n t e r p r e t a t i o n  o f  t h e  d e f o r m a  
( i o n  d  h i s t o r .  o f  t in  Mt s s ina  l . o  n  d  I n t r u s i o n  p i c s e n t c d  h e n  d i l l e i  - 
f i o m  ’ hosi  h i s t oi  it s p o s t u l a t e ' '  i . u l i t i  h \  ( u a h  a m  ( I ' t TI  a n d  bv ( o w a r d ,  
| m u  s. a n d  M i ight  I ' l j n  m  t h a t  t h e  f o u n t  i i n v o k e d  o n l v  t h r e e  d e l o n t i a  
t i o n a l  e v e n t s  w h i l e  t h e  l a i n  i i n v o k t  <1 five t ie f o r m a t i o n  a I i v en ts .  I he i t  12 
e v e n '  a l o n g  w i t h  t in  it I i e v e n t  is l o t i g h l v  e q u i v a l e n t  t o  o u t  1)2 e v e n t  
I i n  h , v i  m o t  e, tl e i n t e i  p n  t a i i o u s  p i e s e n t e d  h e r e  o f  t h e  s t r u t  t u t  t t n d  t h e  
v o t i n g i n g  d i i e t t i o n s  w i t h i n  t h e  M e s s i n a  1 a ve r e t i  I n t r u s i o n  a n  it o t h l s  
vv it h t h o s e  g i v e n  bv I I m a n d  o t h c i  s ( 1975 ). w h o  i n t e i  p r e l e d  t h e  a n t i  lot  m a t  
e x p o s u r e  of  t he  I n t r u s i o n  i m m e d i  i telv s o u t h  o f  t h e  I i m p o p o  Ri vc i  d i g  
' \  i as b e i n g  t h e  e d g e  o f  a s i n g le  slit  u v m m g i n g  f r o m  eas t  t o  w e s t .
' ( I I i hv l o i n  n e w  n i a j m  e l e m e n t  a n d y s e s  o f  r o t k s  I r o m
tl M e s s i n a  I l y t t n l  I n t r u s i o n  a r e  l i s le  I in  t a b l e  I -ei a l s o  i p p  I \ i  
\  I M t l i a g i a m  dig I > t l i s p l a v i n g  t h e s e  t lai . i  t o m b i n  I w i t h  a n a l v s e s  p i e  
v imislv i t  p ior ted  bv v a n  Zv 1 1 9 5 0 ) a n d  bv H o t  a n d  o t h i  i s ( I97' , )  s h o w  . , 
i a t h t !  b r o a d  z o n e  of  p o i n t s  t r o s s i n g  f r o m  t h e  f i e l d of  t a l t  a l k a l i n e  r o t  ks 
i n t o  t h e  f i e l d of  t h o h  i i l i t  km ks is d e f i n e d  bv l i v i m  a n d  l l . u a g e i  (1971  >
I his,  n o  d o u b t ,  t ef l e t  ts t lu pi  i m a r i h  e u m u l i i s  p l a g i o t  last* n a t u r e  o f  thes< 
n  i k< I n l o r t u n a i e h ,  h o w v e r .  t i n  s i a i n a  o f  t in  d a t a  is s u c h  t h a t  veiv 
l i t t l e  m.iv he  g l e a n e d  I m m  t h i s  d i  igi a m  as t o  t in  at  i t i .d < h e m i t a l  n a t u i t  
o f  t lii  m a g m a  g i v i n g  i ise t o  t h e  M e s s i n a  I a v e r e t i  I n t r u s i o n  ot  t o  t h e  e x a r t  
p a t h  o f  its i i v s t a l l i / a l i o n .  a l t h o u g h  a t h o l e i i t i c  p a i e n t a i  m a g m a  o f  , :p 
p r o x i m a t c l v  t h e  < o m p o s i t  i o n  of t h e  s a m p l e s  o f  g a b l i r o  is s u g g e s t e d .
1 h e  t ' i m p o s i t i o n s  o f  s o m e  p r e s e i v e d  < u m t i l u s  x e u o t i v s t s  as w e l l  as 
of  t h e  t I I’ M \ o i n i s  of  t h e  m a j o t  e l e m e n t  a n a l v t i c a l  r e s u l t s  s h o w  t h a t  
p l a g i o i  l ase  of a t o m  p o s i t i o n  o l  \ u  7 "> a n d  Xn s ' i  wa s  o n  t h e  l iq  n i d u s  
t h r o u r h o i i t  m u t h  of  t h e  t r v s t a l l i / a t i o u a l  h i s t o i v  o f  t h e  I n t r u s i o n  S i mi  
l ar lv ,  t h e  ( I I’ M X o m i s  o |  t in  m a j o r  e l e m e n t  a n a l v t h a l  l e s u l t s  I m m  t h e  
n i e l a g a b b r o s  ai  l f i o m  t h e  u l t r a m a f i t  m i  ks i n d i i a t e  t h a t  o l i v i n e  o f  a t o m  
p o s i t i o n  ol  I o  NO t o  l i i  N5 a n d  oi oi  t h o p y r o x t  t ie of  a t o m  p o s i t i o n  o l  I n  
N'l t o  I ii Nti w e i e  o n  t l i e  l i t p n t l u s  d i n i n g  1 1 y s t a l l i / a t i o n  o f  thes t  r m  ks 
I I I '  se d a t a  m a k e  it p o s s i b l e  t o  d e l i n e a t e  ,, p l a g i o t  lase Ii at I i o n a l i o n  t r e n d  
( IM I a n i l  a n  o l i v i n t  h a t  l i o n a l i o n  t r e n d  (<) I I i o n  a  pilot o f  wt  |m-i
( ieo lc^y ,  n^<. a m i h r to t iu  sr t i in .  Miwsina l .axrretl I n h u s io n  11 111
< f i l l  M . ( )  m imis vm |n 111 in  \ l  (> li ‘‘A i II ii is . isst imt ' i l  t lml  vsst' ii-
ii . i llx iso; l i e i n i t a l  c i \ s i ; i lhV; in"on w.is t a k i i i ” |>Litt  . n u t  i l i .n d i e  \<il h i h ' o f  
t h e  n i a y i n a  w.is \ e i \  i m i d t  141 c.iti  1 t h a n  t h e  v o l u m e  o l  t h e  m s t a l s  I01111- 
i i i” . b o t h  t h e  M g O  a n d  t h e  \ 1 ( ) 1 ( i n t e n t s  o l  t h e  p a r e n t a l  111a i na  m a x  lie 
e s t i m a t e d  S i m i l a i  p l a ^ i i K l a s e  a n d  o l i v i n e  Ii a< 1 i on  at i o n  t r e n d s  a i r  i l l u s ­
t r a t e d  011 p l o t s  o l  \vt  p e n  e n l  ( ( O x e i s u s v x t  p e u e i i t  M < >  hv d ’o  l id  o l  
xv t pei  i t i l l  I e ( I  \ < . mis vv I p e r n  ill M < > le; i t  a l l o w in-.-, t h e  e s t i m a t i o n ,  
i n  a d d i t i o n ,  o f  d i e t  i t ) a n d  ol  l i e  h  <) e o n t e n t s o l  t h e  p . u e i u  at  t n a n i n a .  
I n  e a c h  o l  t h e s e  i n s t a n c e s ,  t in e s t i m a t e d  p a r e n t . d  m a g m a  h a s  a t o m  p o s i ­
t i o n  s i m i l a i  t o  t h a t  ol  s o m e  ol  t h e  g a h h r o i c  s a m p l e s  I r a n i  t h e  M e s s i n a
I . a x e t e t l  I n t i  i t s ion .  ( o m b i i i i n u  t h e s e  c o m p o s i t i o n s  xvitli o t h e t  Ii a t  l i o n  1- 
1 i o n  d i a g r a m s  f r o m  a i t a l x i u  ai  r e s u l t s  f r o m  s a m p l e s  o l  t h e  Mi ss ina  l . a y e r e t l  
I n t r i i s i o n  (Ii d )  t o  I) x i el t l s  t in  e s t i m a t e d  c o m p o s i t i o n  ol  t h e  p a r e n t a l  
m a g m a  l i s t e d  in c o l u m n  \  o l  t . i hh
1 h i s  p a t e n t . d  m a g m a  is c p i a r t /  t ho l e a i t i i  in  c o m j x t s i t i o n ,  n o t  t . d e ­
al  k a l i  lie as \v as s u g g e s t e d  hv Moi  a n d  o t h e r s  1 I ' lT'u,  a n d  it is l ow in l\ O ,  
s i m i l a i  t o  v o l t  attic io< ks i n  some Xit  h e a n  g r e e n s t o n e  b e l t s  i n  t h e  ( i n a d i a n  
S h i e l d  a n d  t o  m o d e r n  o c ea n i c  t h o l e i d i c  b a s a l t s  ( I I a r t  u n i  o t h e r s ,  1 9 7 0 ). 
I h e  p h n  oc last  l ic h  r o c k s  l a v e  Si c o n c e i i t i a t  i o n s  g e n e r a l l y  in  t h e  r a n g e  
o l  I r o tn  I at) t o  k'tMi p p m  ( t a b l e  1 ) \ s  t h e  p a r t i t i o n i n g  c oef f i c i en t  lot  Sr
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t o p i t  ’’t l w k s "  o f t u r m l  w i t h i n  t h e  r o c k s  <>l t h i s  . m w  -  i l ' »0 m . \ .  (">
i M c u i m l  m o r e  t e i v i t l l )  i. a n t i  t h e  a l t n . i t i o n  i c l l c t t c t l  i n  t in  i M K h t o n  rt«>in 
t in  M e s s i n a  1 . ay r r v i t  I n t m s i o n  m u s t  h a \ e  he.  n p i i m a n h  u s m c t e d  t o  
t h a t  hot lv  hi  m i  k ( >h\ i o n s  m e t  h a n i s i i i s  loi  t h i s  i \  |» o l  l e s t r i t  n  .1 a h e i  a- 
t i o n  a n -  (1) t e a t  t i o n  ol  t in  ina*>tna w i t h  t h e  w a l l  to<k-  i o n - h  w h i t  11 it 
p a s s e d  a n t i  i n t o  w h i t  I, it wa s  i n t i Ut l e t l .  a n d  (2) I t  at  l , o „  o t  t in  sol i thf i et l  
i n k s  w i t h  post  , i t s t n l l i / a i n m  l ln i t l s  W e  l a v o t  t h e  l a t t e i  | i o s s i h i l „ \ .  h u t  
u n l o i  t u n a t e l x , s u h s e t | l i e n t  d t  lot  m a t  i ons  a n d  l e i i x s t a l l i / a t i n i i s  ol  t h i s  In-  
t v u s i o i t  m a k e  e v a l u a t i o n  o l  t h e s e  m e t  h a l t  is, its e \ t  ee<l in«lv difli t  t i l t .  H o w ­
e v e r ,  i n  e i t h e i  e as e,  t h i s  a l t e t a i i o i t  h a d  n o  n o t i c e a b l e  e l l e i t  o n  tin* i n i t i a l  
Si Si l a t i o o l  t h e  I n t i  i tsloi t .  ( ( i i i sei ] i i f ' i t t l \ .  it w o u l d  l i k e h  h a v e  tit 
t t n i e t l .  w h e n  t h e  t o a t s e n e s *  o l  o m  p i t - sen t  t a l i h i  ui t i t t  o l  \ n l i e o i  l i i n t  
a n d  t h e  n t a g i l i t  t i t le o l  t h e  u n e e i  t a i n t v  i n  t h e  i s o t h t o n  h o i n  t h e  M e s s i n a  
I a v e i e t l  I n t r u s i o n  i i sel t  a r e  t o t i s i d e n  tl, o n h  a n  i n t l i s t i n g u i s h a h l e  p e i i o t l
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l o i . i l l v  i h t o u . . | , » t , t  t i l t  M r , s u m  I i v n v . l  I m . u M O n  ( S n l m s o .  I I --
!md Ix s , so l  ,,«.< s«H-h . ,x. , .mhl . ,gvxivl , l , ' , l  , . | „ i l i l , m t m  jnrwrnrr^ gt 
ili.n I kh  .md  U-inix i n i u i i ,  in cmcss  (if ,•»> < !<«• I’u ,, '
. „ „ l  \ l n  ih.mi.  I'fi 'h \  t ins  |'i< .mi k  ' in ' l lk ' lx
d m  i n i '  r m i j l n c ,  m i  n t  i d  d i e  l i i t t , i s i " H  t h r  I m m a i m n  o f  i Ih m  n t u u t n  -i
( l ei t lv i iX.  t igr .  a ni l  / • hi t u  \ r t t i n p ,  M e s s i n a  l .nyi  r e d  I n t r u s i o n  I U l
s v m h h i g r s  m u s t  l i. ivv m k c n  pi .n  r  s u h s v i p u 1 i t lv  ;mcl  n o t  .is s i m p l < - m i i i ; n  i 
m e t a m o r p l i t t  r r : u t i o i i s .  I ' l icsc P  I c o n d i t i o n s  ; i ic  v e i l i n g  o n  i Iu b c  " I  
g r a n u l i t e  lac i t s  m t t a m o i  p l i i s m  It a p p e a l s .  i l i c i r ( i m \  t h a t  a h i g l i  :v a d c  
m c t a i t i o i  ph i c  I ' t r i i t  <x e i m e d  in i Ii In a r e a  a l t d  I h e  lot  m a t  i o n  o l  t h e  M< '  
s i n a  I a M’t rc l  I n t r u s i o n  It is n o t  e o n i p l e t v l v  c \ i d e m  a t  t h i s  p o i n t  e \a < t i e  
w h e n  t h e  s a p p h i i  i n e  lot  t u i n g  i ( a c t i o n s  oc cut  t e d .  I l o w e v e t . t in v t p p h i i  itn 
I t e a r i n g  t o c k '  w r v e  d e l o t t n e d  d i n i n g  t h e  D'J e v e n t .  I h e  p r e s e n c e  ol  t he 
M e s s i n a  I a s c r e d  I n t r u s i o n  in  a h i g h  gt a d c  i n e t a t n o i  ph i c  let  t a i n  is. t h e n  
Pit e. ,i lac I ol  l a t e  a n d  n o t  a i c s n l t  o l  a c a u s e  a n d  e f l ec t  t e la t  i o n s h i p
I I 'he  Mi ^irni l.n \n < ’ii hitrUM on m id  fr u m s to n i  h rh  I h e  h u  t 
t h a t  t h e  e s t i m a t e d  c h e m i c a l  c o m p o s i t i o n  ol  t h e  p . n e n t a l  m a g m a  lot  t h e  
M c ' d t c t  I a s e r e d  I n t i u s i o n  is d i l l e i e i i t  f r o m  t h e  e s t i m a t e d  a v e t a g e  c h e m i ­
ca l  c o n i | x ) s i t i o i t  o f  t h e  I n t i u s i o n  ( t a h l e  2 ) s u g g e s t s  e i t l i e t  t h a t  a l a r g e  
v o l u m e  o f  i n c k \  d e t i x e d  f r o m  t h e  m a g m a  is n o t  e \ | t o s e d  a t  t h e  p r e s e n t  
e r o s i o n a t  l eve l  o r  t h a t  s o m e  gent  tic a l l s  r e l a t e d  h u t  g e o g r a p h i c  a l l s  d i s t i n c t  
mafic r o c k s  h a v e  n o t  I t e e n  i n c l u d e d  in  o u t  p r e s e n t  1 . t i t io i i  o l  t hi I n t t u -  
s i o n  I h e  la n e t  e x p l a n a t i o n  is a d i s t i n c t  p o s s i b i l i t y ,  a l t h o u g h  at  t h e  pi  es 
et l l  e t o s i o n a l  leve l ,  t h e  ate a u n d e i  l a i n  Its mal ic  l o c k s  n o t  i n c l u d e d  i n  the 
I n t i u s i o n  is s ma l l .  O n  t h e  o t h c t  h a n d ,  t h e  f i rst  e x p l a n a t i o n  is as p o s s i b l e  
,1,1(1 p i e s e n t s  s o m e  s i o | x -  f or  spec i l l a t i o n  I h e  I n t r u s i o n  c o u l d  h e  com* 
posed ol  p h e n o i  t es t s  d e r i v e d  f r o m  a n d  left  b e h i n d  Its a n  a s c e n d i n g  b o t h  
o l  m . i g m a  s u c h  as m i g h t  h e  f e e d i n g  v o l ca n ic  e r u p t i o n s  a t  t h e  s u r f a c e  oi 
f o r m i n g  g a h b r o i i  d i k e s  a n d  si l ls a t  a h i g h i a  l eve l  i n  t h e  s u p t a c r n s t a l  s e ­
ep,, ,u e  \ s  w a s  m e n t i o n e d  c a r l i e i .  t h e  e s t i m a t e d  c h f m i i a l  c o m | x i s i t i o n  o f  
t h e  p . n e n t a l  m a g m a  is s i n i i l . u  t o  those of  m a m  tholea i t ic  l o c k s  i n  < a n a d i a n  
\ i i h c  . m  g r e e n s t o n e  b e l t s  It is p o s s i b l e  the n  h u e .  t h a t  t h e  M e s s i n a
l a y e r e d  I n t r u s i o n  is a l e n m a n t  o f  the - ma  f e e d i n g  a g i e e n s t o n e  b e l t
t, i r a i n  t h a t  m a s  h a s e  o n c e  b e e n  ■ . i n  w h a t  is n o w  t h e  I i m p o j e o
M o b i l e  B e l t .  I n  o i d e t  t o  c x p l a i r  p a u c i t y  o f  roc ks  o f  a m p h i h o l i t i r  
c o m p o s i t i o n  pic si n i l  v e x p o s e d  ue  I c n l r a l  / o t i c  o l  t h e  I i l l l p o p o
M o b i l e  B e l t ,  II is n i l  ess.,IS t h a t  ' i d s  t e n  . tin w a s  t ,  m o v e d  e i t h e i  l>\ e r o s i o n  
o r  bs s o m e  K tonic t m  c h a n i s i n .  Sue h  i c i n o v a l  w o u l d  h a v e  t o  h a v e  t a k e n  
p l a c e  pi i t  t o  t h e  III  d e l o r m a t i d n .  o ,  e l se  a p p t e c  i a b l e  a m o u n t s  o f  g t e e n -  
s t oi u  b e l t  m a t c a i a l  s h o u l d  be  i n c o r p o r a t e d  i n t o  t h e  I >1 f o l d s  a n d  n a p p e s .
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11,1 Ml ilia I. .IM t e d  I n t r u s i o n  a n d  I he I i sken .u  ssc t ( c i m p l e x  o f  
W e s t  ( . u e  u l a i i d  h a v e  in. i t iv I i t t t i e s  in c o m m o n  M indie  v, Ifi7 1. W i n d le y  
a n d  S m i t h .  I ' lTb, .  b u t  the v di ffei  si n i l i e a n i h  ill t w o  r e spec t s .  1 h e  a p  
p a r e n t  i n v r i s e  re I.it i o n s h i p  In twee u  t h e  i n o r t b i t e  c o n t e n t  o l  t h e  i u m u l t i s  
p h c i o c  l ase  a n d  t h e  h o t  n b l i  i ide  i c u n  e n t r a t i o n s  in  t h e  me  ks o f  t h e  M e s s i n a  
| avia  eel I n t i u s i o n  a i g u e s  . c . d n s t  h o t  nblc t ide  b e i n g  a n  a p p t e c  i a b l e  pi i 
n i arv  p h a s e  a n d  s u g g e s t s  t h a t  t in I n t r u s i o n  lot  i n n !  f r o m  a r e l a t i v e l y  d r y  
mu  m a  I h n v  vc i .  n o  s m  h inverse  i r l a t i o n s h i p  c xisis  in  the I - i skenaesse t  
( , i m p l e x  w h e t e  v e i v  calc ic p l a g u e  l ase  c o e x i s t s  w i t h  a b u n d a n t  h o t  n b l e n d e  
( M R  S h a r p e ,  p e i s i m a l  l o m n i u n  . 1*11 ), s u g g e s t i n g  i n s t e a d  t h a t  t h e  h o r n
l l .T J  /. M .  I t a r t  o n  Jr.. H I / ' .  / /* l l o r r n c k s .  a n t i  V. M<1  ' t i n
h l c m l e  is .1 |H ini .n  v p lu isv  f i i m i i n g  f r o m  .1 l i v t l i o u s  i ivir i i i . i  (VVintllcN . ind 
S m i t h .  ]!»7 I. I ' iTt,) S c vo ml lx .  m a s i t f t i t i n  at t i l  c h m m i i i h -  l a v c n  w i t h i n  t l i e  
M v s s i n a  I a v i m  I I n t r u s i o n  a n  s m a l l c i  a n d  m m  h less l iv<|Uf t t t  t h a n  in t l w  
l i skt  nai ' sst  t ( ; o n i | i l i ' \  ( \ \  m d l i  \ a n d  S m i t h .  ] (»7 1 . I ' l7 li). -aigiicsi mi;  t h a t  
c o n d i t i o n s  of  h i g h c t  V,, e x i s t e d  d u r i n g  t h e  v v v s t a l l i / a t i o n  o f  t h e  l at t e i  
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Ancient Archaean supracrustal 
rocks f-om  the Lim popo M obile Belt
P e t e r  C .  l l o r r o t l o
!>epiirimenl of G e o ld g > . I m w r s i h  of  the WifvtalerMand,
Jan Smuts Avcntiv  Johar inoh urg  21X11 s o u lh  Xln. i
•\ p r v l i m i n a n  s.ud> has b e en  m ad e  In es tabl i sh p ressure ,  
t e m p e r a t u r e  a n d  wa t er  et l ivl ty  p a r a m e t e r s  for t he  high grade  
n i e l a mn r ph i sm  of the  ear ls A r c h a e a n  su pra cr us ta l  rocks 
e xp os e d  in the I i mp op o  Mobi le  Belt  n e a r  Mess ina .  South 
Afr ica.  I he  resul ts  r e po r t e d  he re  indica te  that  a significant 
o r ogenlc  crustal  thickness  u p  to 30  k m  wa . d e v e l o p e d  be fo re
3 .1 0 0  Mvr  ago in the  region.
I he  hi gh-grade  a nd  polx - de for me d supr acr us ta l  gneisses  
s tud i ed  occur  s ou t h- eas t  of Mess ina  in the  ( ent ra l  Z o n e  of the 
I i m p o p i  Mobi le  Bel t  iFi t 1). I he v  a re  t h o u gh t  t o  have  b een  
d ep os i t ed  at  least  par t ly  o n  a sialic b a s e m e n t  m a d e  up  of the
3 .800  My t  old Sand River  Gne i sses  , which an cut  bv 
3, s 7n Mvr  o l d  tholei i tH d \  kes that  ha ve  not  b e e n  r ecogni zed  in 
th e  supracrus ta l  gneisses T h e  supracr us ta l  gneisses  were  
i n t r ude d  by t h e  anor thos i t ic ,  gabb ro ic  a nd  pc r idot i t l e  gneisses  of  
t he  Mess ina  l aye red  i n t ru s io n '  p tob ab l y  ' ,2 7 0  Mvr  ago i M 
Ba r t on  Jr.  w or k  in p re par a t i on) .  Su bs eque nt ly ,  a n  impor tan t  
e ven t  of  igneous  a nd  m e t a m o r p h i c  act ivity affected all of  these  
rocks  -  3 .1 5 0  My r  a g o 4, a nd  a second  sui te  of - 3 .0 6 0  Mvr  old 
tholci i t ic d v k es  we re  in t r ud ed
The  supr acr us ta l  gneisses  a re  p r edomi nant ly  quar tzo- fe l d-  
spathic .  but  con ta i n  n u m e r o u s  inter l avcrs  and  lenses of 
pyroxeni t i c  a mph iho l i t e ,  qu a r t / i t c .  m a gn e t i t e  qu ar t / i t e ,  garne t  
cordier i t e  gneiss,  calc-sil icate gneiss a n d  mar bl e  T h e  mafic 
l i thologies c o m m o n l y  p re se r ve  o t h o p y r o x e n e  * c l i nopyr oxene  
+  a m ph i bo l e  + plagioclase * quar tz  -  mag ne t i t e  t  garnet  
a ssemblages ,  a nd  frequent ly show p r o gr ad e  m e t a m o r p h i c  t e x­
tures  in which o r t h o p y r o x e n e  has r ep laced  a n d  ov er gro wn  
amphi bo le ,  whi le  s o m e  local i t ies show coexist ing c l i n op v t o xe m 
a n d  garnet  Kelyphi t ic  c o r on as  p r cd omi na t l y  m a d e  up o f  
plagioclase a re  d e ve l o p e d  a r o u n d  the  garne t  in l i thologies wi th 
a b u n d a n t  a mp h i bo l e ,  a nd  in s ome  s imples ,  the  ga rne t  is a lmost  
c omp le te ly  rep laced ,  or  r e ma i ns  only as a few s ca t t er ed  opt ical ly 
con t i n uo us  r e m n a n t s  in t he  c en t res  of these  reac t i on  co ron as  
Th us ,  these  kclvphi t ic t ex t ures  i re t hought  to  be  the  resul t  of  
r e t ro gr ade  processes  ref. 5 . a nd  P< II in p r epar a t io n) ,  and 
no t  d ue  to a sec on d p r o gr ad e  m e t a m o r p h i s m  as has  been 
desc r i bed  for  previous ly m e t a m o r p h o s e d  rocks  wi th  a resul t ing 
low wat er  par t i al  pressure" The mct apcl i t i i  l i thologies con ta i n  
ga rn et  cor die r i t e  * biot i te  * s i l l imani tc 11 kyani te)  ■* plag e., 
c lase ’ quar tz  t K- f eldspar  ± a mph ib ol e  - or thopx m x c n v  I he 
ga r ne t  is c o m m o n l y  distinctly zoned  with m o n  inclusion-fi l led 
cores,  which arc  m o r e  p vr o pv  rich, o v e r g r o w n  bv thin mo re  
a l ma nd ine - r i c h  and  i nc l us i on-poor  r ims (work in p i c pa r a t i o n i  
S o m e  localit ies p reserve  k y a mt c  o v e r g ro w n by s i l l i mani tc ’ 
P c r a lu m in o us  a n d  magnes i a  rich roc ks  wi thin these  met a pc h t i c  
gneisses  consist  of  c o r u n d u m  • spinel  - s a pp hi r i ne  * cordier i te
4 garne t  * ph lo g op i t e  t  o r t h o p y r o x en e  • gedr i t e ,  a n d  these 
u n d e r s a t u r a t e d  a ssemblages  apparent l y r ep r ese nt  m e t a mo r ph i c  
res i dua  af ter  t he  ext ract ion  of  m i n i m um  mel t  grani t ic  analecta,  
l iquids Symplect i t i c  c o r on as  a b ou t  garne t  a re  d ev e l o p e d  in 
•'htces wh e re  t he  garnet  is r ep laced  b\  an i n te rg r owt h  of  radial  
o r t h o p y r o x e n e  grains in plagioclase (Fig 2 l. I his garne t  is 
relat ively u n z o ne d ,  a n d  it is not  obvious  w h e t h e r  this r eact ion is 
p r o g r a d e  or  r e t ro gr ad e.  H ow e v e r ,  s om e  s amples  p re se r ve  only 
spher ical  k n o t s - compr is i ng  myrmeki t i c  o r t h o p y r o x e n e  grains 
in plagioclase suggest ing the  c omp le te  b r e a k d o w n  and
r e p la ce m en t  of  garnet  p r ob ab l y  by a r e t r o gr a de  process  s imilar  
to  i hat  which is t hought  to  have  p r o d u c e d  t he  ke ly ph i t i c co r on as .
I lect ron m ic r o p r o b e  analyses o f  the  a b ov e  minera l  a s s e m ­
blages  m e a n  t ha t  several  t h e r m o d y n a m i c  t e ch ni ques  can be  used 
to  es t ima te  s om e  of  the p r essur e ,  t e m p e r a t u r e  a nd  w a t e r  act ivity 
p a r a m e t e r s  of  t he  h igh- gr ade  m e t a m o r p h i s m  these  r oc ks  have  
exp er ien ce d .  The analyt ical  t ec hn iq ue  used  n a tur a l  a nd  
synthet ic  s t andar ds ,  a nd  w as rout inely s f  le to r e p ea t  k n ow n 
in te r na t iona l  s t a nd ar ds  typical ly to  wi thin 2"o for all r e levant  
e l e me nt s  T em per a t u r e  e s t im at es  h a ve  b e e n  c al cu l a ted  us ing the 
f ol lowing equi l ibr ia:
M g , S i . O „  *  M g ; S i A
o p x  cpx
i a MgSi  O.  » Mg.-Si O,. Ca MgSi jO, ,  t M g 2S i A
cpx opx  o p x  cpx
M g . A I j S i j f ) * 3C aMgSi  A
ga rn et  opx
= C a ,AI ,Si tO | j  + 3Mg-Si ;0„  
g a r ne t  opx
Mg  ATS,  A - -  K  a F c S i A  
g ar ne t  cpx
Fe . AI . - Si j Oi i  * 3 Ca M gS i  A
g ar ne t  cpx
I c . A I . S i  O  *■ K M g . A I S i A  O H ) ,  
g ar ne t  biot i te
Mg. AI  S i . O . j  K F e . A I S i A  ( O H ) ,  
g ar ne t  biot i te
3 1 1 \ l 4S i j O u  + 2 M g , A I ; S i i O 
cor die r i t e  garnet
’ Mg.AI jSi .O , ,  + 2Fc iAI:S i , 0 | .  
cordie r i t e  garne t
svtz
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Hx- 1 A simplified xeolognal map of part of southern Africa 
showing the loeatkm of Messina and Ih. I impopo Mobile Bell
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t garnet  in the mafic l i thologies,  the 
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which reset  the R b Sr isotopic ra t ios  in the rocks 
t l ay er ed  intrus ion probably  reflects the  peak  of  
the m e t a mo r p hi s m .  Su bs eq ue nt  or ogcnic  event s
go* du r i ng  which m i n i mu m mel t  granit ic anaicct ic  
i t r ac t ed  1 and  intense  po l yphase  d e fo rm at io n  was 
e l i t ho lo gie s ' A l t ho ug h  t e m p e r a t u r e  a nd  pressure
u se even ts  co ul d  p r ob ab ly  r ep re se nt  a continents 
if t ec ton is m and m e  ta m o r p h  is n dur ing  the 
>r t ec tonic  e xca va t ion  of the supracrus ta l  rocks 
It ina pressure  and  t e m p e r a t u r e  c hanges  I he 
f these  gneisses woul d cause  w an i ng  pressures  at 
c mp c ra tu r es ,  p r o b a b ly  adiabat ical ly,  and  may 
t rogrvss ion as mani fes t  h\  the kclyphi t ic  t extures  
na t ion I he e nd  of h igh- gr ade  m e t a m o r p h i s m  and  
< mi pa  rat i vc tectonic  stabil i ty a rc  e v ide nce d  by a 
•le ite dyke  ot 2 .2(H) Myr  in age This ancient  
ir i rustal  event  of h i gh-grade  m e t a m o r p h i s m  may 
ie d e v e l o p m e n t  of the  g r een st on e  g r a n d o d i o n t e -  
inv which compr ise  mu ch  of t he  I a r th  s shield 
haps  represen t s  a c o n t e m p o r a n e o u s  d e v e l o p m e n t  
a) levels no w only e xpo se d  in l imi ted zones  of  the 
Is T h e  geomct rv of these z ones  (or belts*) is 
icr imposed,  a nd  n ot  a result  of  the  intrinsic 
h i s t or v.
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